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Introduction 

Thisrepor t  i s  a summary oftheregionalgeology,petroleum 
geology,andenvironmentalcharacter is t icsoftheNortonBasin 
PlanningArea. To some e x t e n t ,t h ei n t e r p r e t a t i o n sh e r e i na r e  
based on prev ious  de t a i l ed  s tud ie s  by  the  Mine ra l s  Management Serv ice  
(MMS) of two d e e ps t r a t i g r a p h i ct e s t  wells, theNortonBasin COST 
No. 1 and No. 2 wells(Turnerandothers ,  1983a,b). However, s i n c e  
t h e  r e l e a s e  of t h e s e  r e p o r t s ,  a g r e a t  d e a l  of thesedatahavebeen 
reprocessed and r e i n t e r p r e t e d .  In add i t ion ,  new d a t a  havebeen 
c o l l e c t e d  or become p u b l i c a l l ya v a i l a b l e .  In p a r t i c u l a r ,t h e  
common-depth-point (CDP) se i smic  r e f l ec t ion  da ta  base  has  been  
improvedandexpandedby the  inc lus ion  of  l ines  generous ly  re leased  
t o  MMS byWesternGeophysical Company. 

The NortonBasinPlanningArea(fig. 1) is roughly bounded by 
theNorton Sound c o a s t l i n e  on t h e  e a s t  and sou theas t ,t he  Seward 
Peninsula  on t h e  n o r t h ,  t h e  6 3  d e g r e e  l i n e  o f  n o r t h  l a t i t u d e  on 
t hesou th ,  and thed i spu ted  US-USSR 1867 conven t ionl ine  on the  
west. The mostprospect ivepart  of theplanningareaunder l ies  
NortonSound. 

The volume, q u a l i t y ,  and d i s t r i b u t i o n  of r e se rvo i r  rocks ,  
the  presence  of p o t e n t i a l  s e a l s ,  and a d i v e r s i t y  of t rapping  
conf igura t ionsshould  combine t o  e n s u r e  f u r t h e r  e x p l o r a t i o n  in t h e  
NortonBasin. The t iming of sourcerockmaturat ion in r e l a t i o n  t o  
t r a p  development a l so  appea r s  f avorab le  for hydrocarbonentrapment. 
The volume, q u a l i t y ,  and d is t r ibu t ionofsourcerocksappearto  
r ep resen t  t he  most s e r i o u s  c o n s t r a i n t s  on thepotent ia lforcommerc ia l  
hydrocarbon accumulat ions in  the basin.  

LeaseSale  57, held  March 19, 1983, generated $325 m i l l i o n  i n  
h ighbids .Nine ty-e ightb ids  were received on 64 t r a c t s ;  59 b i d s  
wereaccepted, 5 re jec ted .LeaseSale  100 i s  scheduledfor  March 1986. 

Six exploratory wells have  been  dr i l led  in t h e  NortonBasinsince 
1984. A l l  of  these wells havebeenplugged andabandoned. No 
commercial hydrocarbon discoveries have been announced. 
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Geologic Framework 

The NortonBasin i s  loca tedoffthecoas tofwes t -cent ra l  
Alaska,approximatelycoincidentwithNorton Sound ( f i g .1 ) .  It is  
oneof severa l  major  Ter t ia ry  bas ins  on theBering Sea c o n t i n e n t a l  
s h e l f( f i g .  2 ) .  The b a s i n  i s  approximately125mileslong and ranges 
from 30 t o  60 mi lesinwidth .  It i s  bounded bythe  Seward Peninsula  
on t henor th ,the  Yukon-Koyukuk geologicprovince on t h e  e a s t ,  t h e  
ChukotskPeninsula on thewes t ,  and the  Yukon Del taandSt .  Lawrence 
I s l and  on t h e  south.  

The presence of a sedimentary basin beneath Norton Sound was 
f i r s t  s u g g e s t e d  b y  Payne(1955)fromonshoreregionaltrends. 
Subsequentseismicmapping i n  thea rea(Scho l l  andHopkins,1969) 
ind ica tedthepresence  of s ign i f i can t  accumula t ions  o f  r e l a t ive ly  
young,undeformed sedimentarystratabeneaththesound.  More d e t a i l e d  
seismic mapping subsequent lyrevealedthattheNortonBasinconsis ts  
of  two d i s t inc t  subbas ins ,  each  wi th  a somewhat d i f f e r e n t  g e o l o g i c a l  
h i s t o r y .  The subbas insconta in  up t o  24,000 f e e t  ofmarineand 
nonmar ine  Ter t ia ry  s t ra ta .  

The pre-TertiarybasementcomplexoftheBeringSeashelf, 
pa r t s  o f  no r theas t e rn  S ibe r i a ,  and westernAlaskahasbeensubdivided 
in toth reeb roadtec tonos t r a t ig raph icp rov inces(F i she r  and o t h e r s ,  
1979).Theseprovinces,fromnorthtosouth,aretermedthe 
m i o g e o c l i n a l  b e l t ,  t h e  Okhotsk-Chukotsk v o l c a n i c  b e l t ,  and t h e  
f o r e a r cb a s i nb e l t .  The T e r t i a r yb a s i n s  of theBering Sea she l f  
a r e  superimposed on t heseth reep rov inces( f ig .  2 ) .  The 
s t r a t i g r a p h i c  and l i t h o l o g i c  c h a r a c t e r i s t i c s  of thesediments  
contained within these basins  have been great ly  inf luenced by the 
sou rcet e r r ane  and t e c t o n i c  s t y l e  of thepre-Tert iarytectono
s t r a t i g r a p h i c  p r o v i n c e  o r  b e l t  w i t h i n  whichtheywereformed. 
The NortonBasin l i e s  w i t h i n  t h e  m i o g e o c l i n a l  b e l t ,  n e a r  i t s  border  
wi th  the Okhotsk-Chukotsk v o l c a n i c  b e l t ,  and t h e  s t r a t a  of the Norton 
subbasins  consequent ly  ref lect  provenances within both of t hese  
t ec tonos t r a t ig raph icp rov inces .  

MIOGEOCLINAL BELT 

The miogeoc l ina l  be l t  of F isher  and others(1979)extendsfrom 
the  no r the rn  ChukotskPeninsulaandWrangel I s l a n d  t o  t h e  Seward 
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EXPLANATION FOR FIGURE 2 


Tv: undiWarentiated volcanic rocks. 

Kv: undifferentiated volcanic rocks. 

KJ: lava, tuff, agglomerate, argillite, 
shale, graywacke, quartzite, and 
conglomerate. Slightly 
metamorphosedin places. 

KPz: south of 6 4 O  N latitude sandatone, 
siltstone, limestone, chert, and 
volcaniclastic rocks of Permian 
through Late Cretacaous age. 
Locally includes malangeand 
olistostrome sequences. North 
of 6 4 O  N latitude are sandstone, 
siltstone, argillite, conglomerate, 
coal, spilite, and basalt. 

POs: sedimentary rocks of Permian and 
Mississippianage. Includes some 
Ordovician, Silurian, and 
Mississippian limestone. 

Ope: phyllite, sandstone, siltstone, 

limestone, chert, and quartzite. 

pE: Undifferentiated metaaedimentary 
and metamorphic rocks. 



Peninsula  and i n t ot h e  Brooks Range ( f i g .  2 ) .  T h i sb e l t  i s  composed 
ofPrecambrianthroughlowerMesozoicmetamorphicandsedimentary 
rocksove r ly ingcon t inen ta lc rus t .  

In t he  no r the rn  ChukotskPeninsula,surfaceexposuresconsist  
mostly of unmetamorphosedlowerMesozoic carbonatesand clastics. 
In the  eas te rn  par t  o f  the  Chukotsk  Peninsula ,  gne iss  and s c h i s t  o f  

probablePrecambrianageunconformablyunderliePaleozoicstrata.  

M i o g e o c l i n a l  b e l t  s t r a t a  in t h e  Brooks Range c o n s i s t  of imbr ica te  

slabsofPaleozoiccarbonates  and e a r l y  Mesozoicsedimentaryrocks. 

In  the  wes te rn  pa r t s  o f  t he  Seward Peninsula ,  unmetamorphosed Paleozoic  

carbonatesconformablyoverlie a thicksuccessionofPrecambrian 

slate (Sainsburyandothers ,1970) .  On St .  Lawrence I s l and ,nea r  

t he  sou the rn  bo rde r  o f  t he  miogeoc l ina l  be l t ,  t hese  rocks  a re  

represented by unmetamorphosed Paleozoic  andlowerMesozoiccarbonates 

and f ine-grainedclast ics(Dutro,1981) .  


Miogeocl ina l  be l t  rocks  in  the  basement  complex penet ra ted  by 
the  two NortonBasin COST wells cons i s t  o f  qua r t z i t e ,  marb le ,  
p h y l l i t e ,  and slate which are thoughttobeofPrecambrianto 
Paleozoicage(Turnerandothers,1983a,1983b).  These rocksa re  
s i m i l a r  t o  t h e  metamorphiccomplexofPrecambrianandPaleozoic 
s c h i s t s  and marbles  tha t  are exposed in t h e  c e n t r a l  and e a s t e r n  
p a r t s  of t h e  Seward Peninsula  and thewesternBrooks Range. These 
rocks are in fe r r ed  to  cons t i t u t e  basemen t  ove r  mostof theNorton 
Basin. 

OKHOTSK-CHUKOTSK VOLCANIC BELT 

The Okhotsk-Chukotsk v o l c a n i c  b e l t  ( f i g .  2 )  is a con t inuous .  
bandofmostlyupperMesozoicvolcaniclastic and volcanic  rocks  
t h a tb o r d e r st h em i o g e o c l i n a lb e l tt ot h es o u t h .  It canbet raced  
f rom the  reg ion  of  the  southern  Chukotsk  Peninsula  to  wes tern  S t .  
Lawrence I s l and ,  and is exposed a t  i s o l a t e dl o c a t i o n s  on St.  Matthew, 
Nunivak,and t h eP r i b i l o fI s l a n d s  in theBeringSea. It cont inues 
i n t o  t h e  Yukon-Koyukuk provinceofwest-centralAlaska(f ig .  2 ) .  

In western Alaska,  the Okhotsk-Chukotsk be l t  cons i s t s  o f  mar ine  
andes i t i c  vo lcan ic  rocks  of Ear ly  Cre taceous  age  over la in  by  as  much 
as 26,000 feetofmiddleCretaceousvolcaniclasticgraywacke,mudstone, 
andcoal -bear ings t ra ta(Pa t ton ,1973) .  In e a s t e r nS i b e r i a ,t h eb e l t  
is composed a lmostexc lus ive ly  of vo lcanicrocks .  Rocks o ft h i s  
t e c t o n o s t r a t i g r a p h i c  province may compose thebasementoftheNorton 
Basin near  the Yukon Del ta .  

Pa leozoic  and e a r l y  Mesozoicoceaniccrust  is thoughtto  
u n d e r l i e  t h e  Okhotsk-Chukotsk v o l c a n i c  b e l t  ( P a t t o n  and T a i l l e u r ,  
1977).This i s  in c o n t r a s tt ot h eP r e c a m b r i a nc r y s t a l l i n er o c k s  
composing the  con t inen ta l  c rus t  unde r ly ing  the  miogeoc l ina l  be l t .  
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Marlow and o the r s  (1976)  specu la t ed  tha t  t he  vo lcan ic  be l t  r ep resen t s  
a magmatic a r c  a s s o c i a t e d  w i t h  t h e  Late Cre t aceous  to  ea r ly  Te r t i a ry  
obl iquesubduct ion of the  Kula p l a t e  a t  t he  Ber ing ian  marg in .  
Exposuresofgrani t icplutons ofCretaceousage on onshoreareas  of 
thenorthernBeringSearegionareclusteredalongtheboundary 
be tweenthevolcanicandmiogeocl ina lbe l t s .Thesegrani t icp lu tons  
may b e  g e n e t i c a l l y  r e l a t e d  t o  magmatic a rc  p rocesses  a s soc ia t ed  wi th  
thesubduct ion of t h e  Kula p l a t e .  

Cre taceousgranodior i te  i s  exposed on King I s l and  nea r  t he  
northwestedgeoftheNortonBasin(Hudson,1977).Magnetic 
anomaliesaroundtheis land and alongthewestedge of t h e  b a s i n  
(Departmentof Commerce, 1969)sugges ttha ts igni f icantnearbyareas  
a reunde r l a in  bysubcroppinggranodior i te .Theseplutons,i f  exhumed, 
may have  cont r ibu ted  quar tz - r ich  sand  to  ad jacent  a reas  of  the  bas in .  
QuartzmonzoniteofCretaceousage i s  exposedneartheeasternedge 
of t h e  Norton Basin on t h e  Darby Peninsula  a longthesou theas t e rn  

1976).margin of t h e  Seward Peninsula(Mi l le r  and Bunker, There, a 
magneticanomalyextendsoffshoreinto t h e  east s ideoftheNorton 
Basin and is i n f e r r e d  t o  d e l i n e a t e  a subcrop of similar qua r t z  
monzonite(Fisher and others,1982).Althoughthe amount ofsediment 
shedintoNortonBasin from these  g ran i t e  sou rces  i s  probably minor 
r e l a t i v e  t o  t h a t  s h e d  fromthemiogeocl inalandvolcanicbel t  
t e r r a n e s ,  i t  may l o c a l l y  c o n s t i t u t e  a s i g n i f i c a n t  p e r c e n t a g e  of 
quar tz - r ich  d e t r i t u s  i n  t h e  b a s i n  f i l l .  

FOREARCBASIN BELT 

The Okhotsk-Chukotsk v o l c a n i c  b e l t  i s  bounded on t he  sou th  by  
t h ef o r e a r cb e l t .  The f o r e a r cb e l tc o n s i s t so fP a l e o z o i c  and Mesozoic 
deepwatermelangeandolistostromes,maficvolcanics,andnonmarine 
andmarinesediments. Rocksfrom t h i sb e l tp r o b a b l y  formthebasement 
a long the  outerBer ingianshe l f .  Becauseof the i rr emoteness ,fo rea rc  
b e l t  rocks probablycontr ibuted very  l i t t l e  sedimenttotheNortonBasin.  
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Regional  Geologic History 

The present  geologic  configurat ion of  the Norton Basin a r e a  
i s  t h e  r e s u l t  o f  a series ofcomplexMesozoicand e a r l y  T e r t i a r y  
tectonicevents .DuringtheLateJurassicandEarlyCretaceous,  
rocks of t h e  BrooksRangeandSeward Peninsula  formed a c o n t i n e n t a l  
b l o c k  t h a t  was pa r t i a l ly  subduc ted  to  the  sou th  benea th  an  ocean ic  
p l a t e  t ha t  suppor t ed  a magmatic a r c  complex (F i she r  and o thers ,1982) .  
Northward-directedoverthrusting, or obduct ion ,oftheoceaniccrus t  
r e s u l t e d  i n  t h e  emplacementofstackedophioli tebodies i n  t h e  
c e n t r a l  Brooks Range (RoederandMull,1978).Evidenceforthis 
obduction i s  provided by the presence of k l ippen  of o p h i o l i t i c  
rocksoverlyingPrecambrian and Paleozoic  metamorphicrocks in t h e  
BrooksRange. A t  t h e  time t h e  Brooks Range andSeward Peninsula  
c o n t i n e n t a l  c r u s t  was subducted  benea th  the  oceanic  c rus t ,  the  
cont inenta l  rocks  were  metamorphosed t o  b l u e s c h i s t  f a c i e s  and 
s t rong ly  deformed (F i she r  and others ,1982) .  The Brooks Range 
andSeward Peninsula  cont inental  block cont inued to  be subducted 
u n t i l  t h e  s u b d u c t i o n  zoneceasedtofunct ion,possiblyduringthe 
Ear lyCre taceous(Fisher  and o thers ,1982) .Subsequenti sos ta t ic .  
rebound of t h e  s u b d u c t e d  c o n t i n e n t a l  c r u s t  r e s u l t e d  i n  e x t e n s i v e  
e r o s i o n  o f  t h e  u p l i f t e d  o p h i o l i t e  and unde r ly ing  c rus t  in t h e  
BrooksRange, Seward Peninsula,andNorton Sound a reas .  

Albian andCenomanian conglomerates are widespread i n  t h e  
nor thern  Yukon-Koyukuk province.  These conglomeratescontainabundant 
o p h i o l i t e  d e b r i s  and a r e  o v e r l a i n  in p a r t  b y  s t r a t a  composed of 
sedimentsourcedfrom a PrecambrianandPaleozoicmetamorphic 
te r rane(Pat ton ,1973) .  This depos i t i ona lr e l a t ionsh ipsugges t s  
t h a t  t h e  o v e r t h r u s t  Brooks Range o p h i o l i t e s  were t h e  f i r s t  t o  b e  
exposed and t h a t  t h e  d e t r i t u s  was transportedsouthwardinto a 
depocenter in t henor the rn  Yukon-Koyukuk province. This was followed 
bysubsequenterosion,t ransport ,  and depos i t i on  of d e t r i t u s  d e r i v e d  
from the older  Precambrian and Pa leozoic  metamorphic  rocks  in i t ia l ly  
emplaced benea th  the  ophio l i te  k l ippen .  

The Yukon-Koyukuk province was a depocenter  for  much of  the  
eroded sedimentsaswell  as for  vo lcanogenic  debr i s  genera ted  by  
concurrent  volcanism throughout  west-central  Alaska and eastern 
S iber ia(Pa t ton ,1973) .  A wide,arcuateband of g r a n i t i cp l u t o n s  was 
in t ruded  in to  rocks  of  the  Yukon-Koyukuk province ,  the  eas te rn  Seward 
Peninsula ,  S t .  Lawrence I s l a n d ,  and theChukotsk Peninsula  of  S iber ia  
du r ingthe  middleCretaceous(Fisher  and o t h e r s ,  1981).  
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In middle Late Cretaceous time, east-west compression 
accompanied by oroclinal bending rotated the Seward Peninsula  
counterclockwiseapproximately 90 degrees  (Pa t ton  and Tai l leur ,  1977)  
t o  i t s  p resen tpos i t i on  in r e l a t i o n  t o  t h e  Brooks Range ( f i g .  3A). 
Rota t ion  of  the  peninsula  resu l ted  in eastward-directedthrust ing 
of Paleozoic and Precambrian age rocks along the eastern margin 
ofthe Seward Peninsula.  On t h eb a s i so ff a u n a ld i s t r i b u t i o n s ,  
SachsandStrelkov(1961)postulatethatthePacif icandArct ic  
b a s i n s  were connectedby a seaway a c r o s s  t h e  e a s t e r n  Seward Peninsula  
duringmiddleLateCretaceous time, then  later i s o l a t e d  b y  c l o s u r e  
ofthe  seaway in responseto  east-west compression. The i n i t i a l  
subsidence of the Norton Basin may have  been  in i t ia ted  in t h e  Late 
Cretaceousduringthiseast-westcompressiveperiodbyright
lateral  s t r i k e - s l i p  movement a long  the  newlyformed K a l t a g  f a u l t  
(F i she r  and o thers ,1982)( f ig .  3B) .  

Compressionceased in latest  CretaceousandearlyPaleogene 
time and was followedby a per iod of  regional  extension in west
cen t r a lAlaska( f ig .  3C). Regionalextension in theNortonBasin 
area tr iggered major  subsidence by block-faul t ing along master 
f a u l t s ,  and i s  be l i eved  to  be  the  p r imary  t ec ton ic  mechanism f o r  t h e  
i n i t i a lf o r m a t i o no ft h eb a s i n .  Alluvial f a n s  were deposi tedalong 
t h e  m a r g i n s  o f  u p l i f t e d  f a u l t  b l o c k s ,  which i n d i c a t e s  t h a t  e a r l y  in 
t h e  h i s t o r y  of t h e  b a s i n  t h e  rate ofsubsidenceexceededthe rate 
ofsedimentinputfromflankingareas(Fisher  and o thers ,1982) .  
The Yukon h o r s t ,  which s e p a r a t e s  t h e  two subbasins  of theNorton 
Basin,  was ac t ive  by  ear ly  Pa leogene  t ime,  as ev idenced  by ' the  
p re sence  o f  a l luv ia l  depos i t s  a long  i t s  f l a n k s  t h a t  p r e d a t e  o t h e r  
Ter t ia rysequences .Af te rmajor ,loca l ,fau l t -cont ro l ledbas in  
subsidenceceased,epeirogenicregionalsubsidence(inferredto 
stem fromthermalcont rac t ionofthecrus t  anduppermantle as . 
well a s  i sos t a t i c  compensa t ion  fo r  t he  newlyemplacedsediment 
load)preva i led  in t h e  NortonBasinarea(Fisher and o thers ,1982) .  
Epeirogenicregionalsubsidence of t h i s  a r e a  h a s  p e r s i s t e d  t h r o u g h  
Holocenetime. 

B a s a l t i c  volcanism occurred in t he  no r the rn  Bering Sea region 
dur ing  latest  Miocene, Pl iocene,  and P le i s tocene  time. Volcanic rocks 
were ext ruded  loca l ly  onto  land  areas  a long  the  margin  of the Norton 
Basin(HoareandCoonrad,1980).MioceneandPliocenefloodbasalts 
locatednearaneast- t rending zoneof r i f t i n g  a l o n g  t h e  a x i s  o f  t h e  
Seward Peninsula  sugges t  tha t  the  peninsula  and immediate areas may 
haveundergone a period of renewednorth-southextensionbeginning in 
l a t e s t  Miocene o r  earliest Pl iocene(Fisher  and others ,1982) .  
Common-depth-point s e i s m i c  r e f l e c t i o n  d a t a  in Norton Basin indicate 
thepresenceofseveral  domed s t r u c t u r a l  f e a t u r e s  t h a t  a p p e a r  t o  b e  
l a c c o l i t h s .  The ageso fthesein t rus ives ,  as t e n t a t i v e l y  deduced 
from t h e i r  s t r u c t u r a l  and s t r a t ig raph ic  r e l a t ionsh ips  wi th  ho r i zons  
ex t r apo la t ed  fromNortonBasin COSTNo. 1 and No. 2 wells, range from 
e a r l y  Miocene t o  mid-Pliocene. 
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Structural  Geology 

BASIN DEVELOPMENT 

The NortonBasin i s  an  ex tens iona l  bas in  loca t ed  ad jacen tto  
theKa l t agfau l t .  The K a l t a gf a u l t ,  a r i g h t - l a t e r a l  s t r i k e - s l i p  
fault ,extendssouthwestwardthroughwest-centralAlaskawhere i t s  
tracedisappearsalongthesouthernmarginofNorton Sound.Although 
t h e  r o l e  of the  Kal tag  fau l t  in  the  deve lopment  of NortonBasin 
i s  unc lear ,F isher  and o thers(1982)sugges ttha t  movement along 
t h e  f a u l t  d u r i n g  a per iodofregionalextension may haveservedto 
loca l i ze  subs idence .  

I n t e r p r e t a t i o n  of CDP se i smic  da t a  ind ica t e s  two d i s t i n c t  s t a g e s  
i nt h e  development of theNortonBasin. In t h e  f i r s t  s t a g e ,  r i f t i n g  
resul tedinsubsidencealongmaster  andsecondarynormalfaults.  
The presenceofpossiblePaleocenestrataencounteredintheNorton 
COST No. 1 and No. 2 wellssuggestsanearly-orpre-Paleoceneage 
f o rt h er i f t i n g .  A secondarystageofdevelopmentconsisted of 
reg iona l ,epe i rogenic  downwarping, beg inn inginthela t eOl igocene  
( f i g s .  13 and 1 4 ,  post-horizon C) and cont inuingintotheHolocene.  

These two s tagesofbasindevelopmentcorrespondtothesimple 
ex tens iona l  model f o r  t he  evo lu t ion  of sedimentary bas insenvis ioned  
by McKenzie (1978). McKenzie proposed a n  i n i t i a l  s t age  cha rac t e r i zed  
by r a p i d  c r u s t a l  a t t e n u a t i o n  i n  r e s p o n s e  t o  e x t e n s i o n a l  stress. 
Thinningof t h e  c r u s t  would thenpermitupwell ing ofhotasthenospheric  
ma te r i a l .I sos t a t i cad jus tmen tinre sponsetotherep lacemen t ,a t  
dep th ,  o f  t he  sha l low c rus t  by  dense  a s thenosphe re  then  r e su l t s  i n  
f a u l t - c o n t r o l l e di n i t i a ls u b s i d e n c ea tt h es u r f a c e .  A p o s i t i v e  
thermal anomaly i s  associatedwith t h e  thinning of t hel i t hosphe re  
and thesubsequentupwelling of thehotas thenosphere  (McKenzie, 1978). 
A secondarystage of cool ing of b o t h  l i t h o s p h e r i c  and as thenospher ic  
ma te r i a l  by  hea t  conduc t ion  to  the  su r face  then  r e su l t s  i n  g radua l ,  
regional ,non-faul t - re la tedsubsidence.  

McKenzie (1978) i l l u s t r a t e s  how fau l t -cont ro l ledsubs idence ,  
heatf low,  and t h e  r e s u l t i n g  thermal ly  cont ro l led  subsidence can 
bepredic ted  as a func t ion  of t h e  f a c t o r  bywhich thesu r face  l eng th
i n c r e a s e sa st h er e s u l t  of c r u s t a ls t r e t c h i n g .C a l c u l a t i o n so ft h e  
ex tens ion  f ac to r  i n  t h e  NortonBasinbyHelwigand others(1984)  
and Y. M. Chang (personal  commun., 1985)providedthefollowing 
va lues :  
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NGURE4.  S t r u c t u r a lp r o v i n c e s  o f  t h eN o r t o nB a s i nr e g i o n .  



Offse t  
basement  seismic  from  

Method Extension Factor  

1 .9  fau l t  of Kal tag  
Extension of records <1 .4  

subs idenceMean bas in  ( t ec ton ic  and i s o s t a t i c )  >1.1 

They concludedtha tthehigherextens ionfac torva lue(1 .9)  i s  
supported by the  s t a t e  o f  ma tu ra t ion  and present  tempera ture  grad ien t  
i n  t h e  b a s i n .  

BASIN STRUCTURE 

The NortonBasinareacanbesubdividedintofourseparate  
s t r u c t u r a l  and geographicprovincesbased on thetype and o r i e n t a t i o n  
ofmajorgeologicfeatures  and thesegmentation of t h e  b a s i n  by 
p o s i t i v e ,i n t r a b a s i n a ls t r u c t u r a lf e a t u r e s( f i g s .  4 and 5 ) .  Area 
I, t h e  S t u a r t  s u b b a s i n ,  l i e s  e a s t  of t h e  Yukon h o r s t  andwestand 
no r th  of S tua r tI s l and .  Area 11, t h eS t .  Lawrence s u b b a s i n ,l i e s  
west of t h e  Yukon h o r s t  and e a s t  and no r theas t  of S t .  Lawrence 

I s l and .  The t h i r ds t r u c t u r a lp r o v i n c e ,a r e a  111, l i e s  t ot h en o r t h  

of S t .  Lawrence I s l and ,sou th  ofKing I s l a n d ,  and west of a l i n e  

a t  approximatelylongitude 168' W. Area I V  i s  bordered on 

t he  eas t  by  the  Seward Peninsula ,  on the  south  by  a shal lowplatform 

extendingnorthwardfromKingIsland,and on the north by Fairway 

Rock and L i t t l e  Diomede I s l and .  


Area I,  theStuar tsubbas in ,  i s  bounded on t h e  west by a north-
sou th - t r end ing  a rcua te  s t ruc tu ra l  hightermedthe "Yukon h o r s t "  by 

Fisher  and o thers(1981)( f igs .  6 and 7). Seismicprof i lesoverthe  

basement  hors t  revea l  over ly ing  a rched  s t ra ta  tha t  d i sp lay  drape  or 

compact ionfeatures .  The nor thernsec t ion  of t h eh o r s t  i s  bounded 

on the e a s t  b y  a series of westward-dipping rotated faul t  blocks.  

These blocks are  bordered on t h e i r  downdip s ides  by  a se r i e s  o f  en  

echelonnormalfau l t s( f ig .  7 ) .  Towards thesouth ,the  Yukon h o r s t  

i s  l e s s  pronounced and assumes a more nor thwes t -southeas tor ien ta t ion .  

The absence of seismic d a t a  from theshallow-waterareas of the  

Yukon Del ta  doesnotpermit d e f i n i t i o n  of thesouthernmarginof 

theStuar tsubbas in .  However, g r a v i t yd a t a  from t h i sa r e ai n d i c a t e  

tha tonlyabout  3,000 f e e t  ofCenozoicsediment i s  presentnear  

thenor thlobe  of t h e  de l ta(Fisherandothers ,1980;Barnes ,  

1977)(f ig .  8) .  Thisest imateofsedimentthickness  was ca l cu la t ed  

fromthe r e l a t i o n s h i p  betweendepth-to-basement and f r e e - a i rg r a v i t y  

va lues ,  which i n  t h e  Norton Basin was determined by Fisher  and 

others(1982)toapproximate a quadra t i ccu rve( f ig .9 ) .  Low land 

e l e v a t i o n s  on t h e  Yukon De l t a  pe rmi t ,  w i th  neg l ig ib l e  e r ro r ,  a 

d i r e c t  comparisonbetweenfree-airgravityand Bouguer g r a v i t y  

values ,thusa l lowingtheuse  ofBouguer g r a v i t y  v a l u e s  i n  t h e  

g r a v i t y  r e l a t i o n s h i p  i l l u s t r a t e d  i n  f i g u r e  9 (F isher  and others ,1982)  
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The Stuart subbasin
is bounded on the north and east by a smooth, 
nearly featureless basement platform coveredby 2,500 feet or less 
of sediment (fig.7). An east-west-trending normal fault (or fault 
zone), informally referred to as the "north-boundary fault" by Fisher 
and others(1981). marks the termination of the northern basement 
platform against a deeper, more structurally complex area of the 
subbasin to the south. The total throwon the north-boundary fault 
and subordinate faults along the north edge of the subbasin locally 
exceeds 7,000 feet. 

An arcuate anticlinal structure informally referredastothe 
"Nome horst" by Fisher and others (1981)is present i n  the north-central 
section of the Stuart subbasin (fig.7). Along the crest of the 

"horst," the seismically determined depth to basement
i s  approximately
4,000 feet. The seismically derived depth to basementis  confirmed 
by a range of free-air gravity values from +2 to -5 milligal (mgal),
which corresponds to a sediment thickness of 3,700 to 4,400 feet 
(fig. 9). Northeast of the Nome horst and adjacent to the north-

boundary fault, lies a low characterized by a free-air gravity 

value of-36 mgal (fig. 8), which is unusually low for most structural 

depressions within the Stuart subbasin, and indicates a maximum 

depth of 17,000 feet. The depth to basement,
as determined from 

seismic reflection data,
i s  16,400 feet. 

The deepest area of the Norton Basin of
i s  i n  the central part 
the Stuart subbasin south of the Nome horst. This basementlow is 
bounded to the northwest and southeastby northeast-southwest-

striking normal faults. The COST No. 2
well was drilledon the 
southwest flank of this structural depression, where it encountered 
metamorphic rocks of the Precambrian to Paleozoic miogeoclinal
belt at a depth of 14,460 feet. Seismic data indicate that the. 
sedimentary filli n  the central area of the subbasin approaches 
a maximum thickness of 23,000 feet. Free-air gravity values over 
this central structural low only reach a minimum of -34 mgal (Fisher 
and others,1980). which corresponds toan apparent sediment thickness 
of 15,800 feet. This discrepancyi n  the calculated depths to 
basement may involve a number of factors, including the possible 
occurrence of local high-density and/or overcompacted Paleogene 
strata. The presence of underlying high-density (oceanic?) type
crustal material could be i n  part responsible for this anomalous 
situation. 


Area 11, the St. Lawrence subbasin, lies west of the Yukon horst 

and east of a shallow basement platform extending northeast across 

Norton Basin from St. Lawrence Island to the Seward Peninsula4).(fig. 

The predominant strike of faults i si n  the St. Lawrence subbasin 
to the northwest (figs.6 and 7). A north-south-trending fau1.t 
zone i n  the southeastern part of the subbasin bounds a half-graben 
to the east, where it rises northeastward onto the southwestern 
flank of the Yukon horst. This half-graben contains up to 14,000 

feet of sediment above acoustic basement and has
an associated free-

air gravity value of -24 mgal, which corresponds to
an apparent 

sediment thickness of 10,750 feet. 
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others, 

The central area of the St. Lawrence subbasin is occupied by 

a large northwestwardly elongated structural low that is primarily 

the resultof minor faulting and major regional tilting and 

subsidence of the basement. Time-depth calculations using stacking

velocities derived from seismic reflection data indicate
a maximum 

16,000 feet in the centersediment thickness of more than of the 

subbasin. To the southeast, the COST No.1 well was drilled along 

the axis of the St. Lawrence subbasin and encountered cataclastically 
deformed and metamorphosed sedimentary rocks of probable Precambrian 
age ata depth of12,545 feet (fig.7) .  

Several largenormal faults extend northwestward from the 

northwest corner ofthe St. Lawrence subbasin into area
111. 
Area 111 consists of a relatively shallow basement platform cut by 
predominantly northwest-southeast-trending grabens and half-grabens. 
The depthto this basement platform throughout the mapped area 
averages between 1,500 and 3,500 feet (fig. 7). Sediment thickness 
in the grabens locally exceeds7,500 feet. The western boundary of 
the subbasin isan extremely shallow, featureless platform with less 
than 2,500 feet of sediment cover. A small, faulted low just north 
of St. Lawrence Island approachesa basement depth of9,000 feet. 

An airborne high-sensitivity magnetic survey
conducted in the 

western part of the Norton Basin by Aero Service
Division, Western 

Geophysical Company of America, revealed several groups of high-

amplitude magnetic anomalies, many of which exceed
200 gamma, along 
with several isolated low-amplitude anomalies (Vixo andPrucha, 
1983). Based on similarities ofthe magnetic disturbances,the 

high-amplitude magnetic anomalieshave been interpreted Vixo and 

Prucha to represent Cretaceous silicic plutonic rocks analogous
in 

composition and genesis to those found
on the Darby Peninsulaof 
southeastern Seward Peninsula, and to the Cretaceous intrusions 
in the Yukon-Koyukuk province. Magnetite hasbeen found tobe a 
common accessory mineralin the Cretaceous silicic plutonic rocks 
in the Norton Basin region (Miller and 1966; Miller and 
Bunker, 1976) and is, in largepart, responsible for producing the 

Karl,magnetic anomalies associated with the plutons (Decker and 
1977). The low-amplitude magnetic anomalies observed in the western 
area of the Norton Basin are considered to stem from two separate 
magnetic horizons (Vixo and Prucha,1983): the weakly magnetic 
metamorphic and sedimentary rocks of the basement anda weakly 

magnetic suprabasement horizon, probably containing local Donovan 

anomalies, which are thought to result from concentrations
of 

diagenetic magnetite associated with hydrocarbon microseepage 
(Donovan and others,1979). 

A shallow, relatively featureless basement shelf separates 

areas 111 and IV. Area IV, located north of King Island, consists 

of a small, isolated structural graben termed the "Bering Strait 

depression" (BSD) by Greene and
Perry ( "pub., cited in Johnson and 
Holmes, 1980) that is bounded by major east-southeast-striking 
normal faults (fig.7). Johnson and Holmes(1980) concluded that 
the east-southeast-striking faultsof area IVappear to intersect 
and offset the northwest-trendingfaults andstructures that extend 
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FlGURE8. ContoursofBouguergravi tyovertheYukonDel ta(Barnes,1077)andof  

f ree -a i rgrav i tyoverNor tonBas in(F isherandothers ,  1080). From 

F i s h e ra n do t h e r s , f o 8 2 .  
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FlGURE 9. Relationshipbetweenfree-airgravityvalueanddepthto 
basement.DiagramfromFisherandothers, 1982. 
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from area  111. This i m p l i e st h a tt h es t r u c t u r a l  development of 
t he  BSD pos tda tes  ear l ie r  deformat ion  i n  the  mainNortonBasin 
(Johnsonand Holmes, 1980).Sedimentthicknessnearthecenter of 
the  BSD approaches 7,000 f e e t .  The northernperimeter of the  BSD 
is defined byamajoreast-trendingnormalfault,labeledthe 
"Bering S t r a i t  f a u l t "  by Hopkins(unpub.,cited i n  Johnsonand 
Holmes, 1980). The l ack  of seismiccoverageprecludesabetter 
d e f i n i t i o n  of t heBer ingS t ra i tf au l tfu r the rtotheeas t ,  where 
i t  may mergewithastructure known as  the Port  Clarence r i f t  
(Hopkins,unpub., c i t e d  i n  JohnsonandHolmes,1980). 
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Biostratigraphy 

A f ine-scalestrat igraphiczonat ionoftheNortonBasinbased 
on microfossi lranges is d i f f i c u l t  a t  t h i s  j u n c t u r e  b e c a u s e  of the 
pauci ty  of da t a  and the  imper fec t  s t a t e  o f  b ios t r a t ig raph ic  knowledge 

oftheBeringSeaarea.  In  addi t ion ,therehasbeencons iderable  

controversyconcerningtheseveralzonal schemes so farproposed,  

most p a r t i c u l a r l y ,  t h e  n a t u r e  and extentoftheOligocenesect ion.  

I n  theNortonBasin,high-resolut ionzonat ionsarediff icul tto  

constructbecause of the poor  representat ion of  key microfossi l  

groupssuchasplanktonicforaminifers and calcareousnannoplankton. 

Even when these  taxa  a re  present  there  i s  some uncertaintyinvolved 

i n  t h e  e x t r a p o l a t i o n  of t he i r  r anges  fromlower t o  h i g h e r  l a t i t u d e s .  

For  these  r easons ,  t he  b ios t r a t ig raphy  desc r ibed  in  th i s  r epor t  shou ld  

beconsideredprel iminary.Nevertheless ,re invest igat ionsofthe 

COST w e l l  d a t a  h a v e  a l r e a d y  r e s u l t e d  i n  t i g h t e r  and b e t t e r  

substant ia tedzonat ions.  I n  gene ra l ,t he  new datasupportour  

previousin te rpre ta t ions(Turner  and others ,1983a,b) .  


Paleoecologic and b ios t r a t ig raph ic  de t e rmina t ions  in  the  Nor ton  
Basin COST wel l s  a re  based  on d e t a i l e d  a n a l y s e s  of microfoss i l  
assemblagescontainingForaminifera ,ostracodes.s i l icof lagel la tes  
anddiatoms,calcareousnannoplankton, and marineand t e r r e s t r i a l  
palynomorphs ( ch ie f lyspores ,po l l en ,  and d ino f l age l l a t e s ) .Ro ta ry  
d r i l l - b i t  c u t t i n g s  wereexamined a t  30- footin te rva ls  from t h e  f i r s t  
s amplest akentotheto t a ldep ths  of the wells. Data fromconventional 
andsidewallcoreswerealso examinedand u t i l i zed .S l ides ,p rocessed  
samples ,  and  repor t s  prepared  for  the  par t ic ipants  by  consul tan ts  
(Anderson,WarrenandAssociates,1980;Biostratigraphics,1982) 
wereexamined,interpreted,  and i n t e g r a t e d  i n t o  t h i s  r e p o r t .  

The COSTNo. 2 well was reprocessed andreexamined f o r  
palynomorphsbyJonathan P. BujakoftheBujakDavies Groupand t h e  
p re l imina ryresu l t s  (J. Bujak,personal commun., 1985)integrated 
i n t o  t h i s  r e p o r t .  The COST No. 1 well  i s  cu r ren t lybe ingres tud ied .  
I n  addi t ion ,  bo th  wells were reprocessed for ostracodes which were 
subsequent lyident i f ied  byElisabeth Brouwersof t h e  USGS (E. Brouwers, 
w r i t t e n  commun., 1985). Discrepancies between Minerals Management 
Service and consul tant  i n t e r p r e t a t i o n s ,  p r i n c i p a l l y  t h e  l o c a t i o n  o f  
b i o s t r a t i g r a p h i ct o p s ,  f o r  t h e  most par t  can  be  a t t r ibu ted  to  sample  
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preparation techniques. Foraminiferal analysis, interpretation, 
and synthesis of other data were done by F. Turner ofMMS. 
Siliceous microfossil analysis was done by DonaldL. Olson of MMS. 

Strata are discussed in the order that they were penetrated. 

The biostratigraphic units delineated often represent a synthesis of 


agree
data derived from various subdisciplines that often do not in 

every particular. Following convention, fossil occurrences are 

listed as highest and lowest rather than the potentially confusing 

first and last. Sample depths were measured from the kelly bushing. 

Data obtained from conventional cores are given somewhat more weight 

than those from cuttings. 


Paleoenvironmental determinations, chiefly water depth and 

energy, are based
on the entire microfossil and macrofossil suites. 

Paleoclimatological interpretations are based
on spore and pollen 

assemblages and, to a lesser extent,
on diatoms, silicoflagellates, 

and Foraminifera. Fluvial, lacustrine, and paludal environments 

are classified as continental or nonmarine. Transitional environments 

include brackish estuaries, marshes, and lagoons. For sediments 

deposited in marine environments, the paleoenvironment is expressed

in terms of bathymetry. Paleobathymetric determinations are primarily 

based on foraminiferal criteria, but dinoflagellates and other 

marine organisms suchas bryozoans, echinoids, ophiuroids, and 

cirripeds were also utilized. The marine environment is divided 

into inner neritic(0 to 60 feet), middle neritic (60 to 300 feet), 

outer neritic (300 to 600 feet), and upper bathyal (600 to 1,500 feet). 


The paleontology of the two Norton Basin COST wells is discussed 
separately (figs. 10 and 11). then correlated at the end of the chapter 
(fig. 12). In the absence of onshore outcrop data or other well . 
control, these interpretations are the basis for most of the other 
correlations, for example, figures13 and14 in the Lithostratigraphy 


this report.
and Seismic Stratigraphy chapter of 


COST NO. 1 WELL 


Pleistocene 


The interval from
180 to 1.320 feet is Pleistocene in aee on the 


fauna containine
A moderately diverse. though svarse. ostracode 
I 

1, 9 8 5 ) .  
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Although the siliceous microfossil assemblages
in this interval 

contain a high percentage of reworked material, the presence of the 

diatoms Melosira sulcata, Coscinodiscus marginatus, Actinocyclus 

curvatulus, and Biddulphia aurita in association with the 

silicoflagellatesDisephanus~-0ctangulatus and Distephanus octanarius 

also indicatesa Pleistocene age. 


Environment 


The foraminiferal fauna and diatom flora indicate an inner 
neritic ( 0  to 60 feet) cold-water environment for the Pleistocene 
interval. Abundant molluscan fragments, barnacle plates, echinoid 
plates and spines, and fragments of erect bryozoan colonies (adeoniform 
and vinculariiform) generally support this interpretation, although 
the bryozoans suggest possible middle neritic water (60 to 300 
feet). The ostracode fauna indicates that these environments were 
characterized by periods of reduced or fluctuating salinities. The 
admixture of stenohaline and euryhaline forms be explained bycan 

the complex interplay of glacio-eustatically controlled fluvial 

and marine processes. 


Pliocene 


The interval from 1,320 to 2,639 feet is Pliocene in age. Although 

the Pliocene siliceous microfossil
assemblage containsa substantial 


as
number of older, reworked forms well as Pleistocenespecies

caved from uphole, the interval be provisionally subdivided 

into late, middle, and early the basisof diatom and silicoflagellate
on 
distributions. The late Pliocene, 1,320 to
1,608 feet, is identified 

by the highest occurrence of the diatoms Coscinodiscus marginatus 

fossilis, Stephanopyxis inermis, Actinocyclus ehrenbergii, Thalassiosira 

usatchevii, and Nitzschia fossilis. The middle Pliocene,1,608 to 2,327 

feet, is defined by the first occurrence of Thalassionema robusta, 

Thalassionema convexa aspinosa, Cosmiodiscus intersectus, Denticulopsis 

kamtschatica, and Distephanus boliviensis boliviensis. The early 

Pliocene, 2,327to 2,639 feet, is defined
by the lowest occurrences 

of Actinocyclus ochotensis and Ammodochium rectangulare. Siliceous 

microfossil zonations for all parts of the well areon Koizumi 

(1973), Schrader (1973). and Barron (1980). 


The foraminiferal fauna is essentially the same as that of the 

overlying Pleistocene with the exception
of the highest occurrence 

of Pseudopolymorphina cf.
-P. suboblonga at1,500 feet. 

The ostracode fauna is also quite similar to that of the overlying 

Pleistocene, with the addition of Rabilimis paramirabilis, Cytheretta 

teshekpukensis, Cytherura sp.A, Robertsonites tuberculata, 

Heterocyprideis fascis, Elofsonella concinna concinna, and Eucytheridea 

punctillata. Most of these species have heretoforebeen considered 

Pleistocene with the exception of Rabilimis paramirabilis
(1,380to 

1,410 feet), which has been reported only from Beringian-age sediments 

(late Pliocene-early Pleistocene). 
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The sparse terrestrial palynoflora contains Alnipollinites sp. 

and rare specimens of Betulaceae, Polypodiaceae, Polmoniaceae, and 

Chenopodiaceae. The marine palynoflora is characterized
by common 

specimens of Tasmanaceae and the dinoflagellates Lejeunia spp., 

Paralecanicella indentata, and Operculodinium sp.2. The latter 

species first occurs in a sidewall core taken at 1,494 feet and 

marks the approximate position of the Pliocene-Pleistocene boundary 

in Alaska according to Hideyo Haga (Anderson, Warren and Associates, 

1980). 


Environment 


The Pliocene microfossil and macrofossil assemblages are 

indicative of cold-water, inner neritic deposition. 


Miocene 


The interval from 2,639 to 4,740 feet represents the Miocene 

section of the well. This interval be further subdivided into 


onlate and early Miocene sectionsthe basis of siliceous 

microfossils. The absence of definitive middle Miocene siliceous 

microfossil taxain conjunction with the relatively good late and 

early Miocene assemblages suggests that this time may
be represented 

by a hiatus, although the foraminiferal data appear to contradict 

this interpretation. In fact, on the basis of preliminary 

palynological investigations, Bujak (personal commun., 1985) 

believes that the top of the middle Miocene is at 3,120 feet. Much 

of the "missing section" may loss
be the result of the diagenetic 

of the opaline silica of diatom frustules (see discussion
in the 

Lithostratigraphy and Seismic Stratigraphy chapter). 


Several distinctive foraminiferal species previously reported 

from the Miocene of Sakhalin Island,
U.S.S.R., are present in the 

well at 3,630 feet. The strata from which these forms were reported 

initially were considered to be late Miocene in age (Voloshinova 

and others, 1970). More recently, these strata were assigned to the 

middle Miocene (Serova,1976; Menner and others 1977; Gladenkov, 

1977). The agedeterminations of these units are
still unsettled, 


to
and it is quitepossible that they may prove be older than 

middle Miocene (L. Marincovich, personal commun.,1983). 


The late Miocene, defined
on the basis of siliceous microfossil 

assemblages recovered from sidewall cores over the interval from 

2,639 to 3,464feet, is recognized by the lowest continuous occurrence 

of Melosira sulcata; the lowest occurrences of Thalassiosira zabelinae, 

Thalassiosira convexa aspinosa, Pseudopyxilla americana, and Ebriopsis 

antiqua antiqua; the highest occurrences of Coscinodiscus temperei, 

Coscinodiscus vetustissimus, and Goniothecum tenue; and the ubiquitous 

presence of Actinocyclus ingens. 
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The i n t e r v a l  from3,464 t o  4 , 4 9 3  f e e t  i s  e a r l y  Miocene i n  age on 
t h e  b a s i s  of the lowest  occurrences of  Thalassionema ni tzschioides ,  
Stephanopyxisturris,Stephanopyxisschenckii ,  andActinocyclus 
ingens. 

The Miocene foramini fe ra lfaunaf i r s tencountereda t3 ,630fee t  
i s  cha rac t e r i zed  by  Poroso ro ta l i a  c l a rk i ,  E lph id ie l l a  ka t ang l i ens i s ,-__________
E l p h i d i e l l ac f .  E. t ene ra ,E lph id ie l l ac f .  E. c r a s so rugosa ,E lph id ie l l a  
cf . E .  nagaoi , C T i b x i d m v u l g a T e ,  C r i b r o e l p h i d i v  
-	C. pzromaense, Cribroelphidium cras-ium, E l l ip sog landu l ina  c f .  E .  
subobesa,Pseudoglandulina s p . ,  Glandul inacf .  G .  japonica,Buccella 
f r i g i d a ,  	B-mansfieldi, - Buliminel iacf .  B. c u r t a ,-~ 
andPyrgowilliamsoni. 

The ve ry  spa r se  os t r acode  f auna  in  th i s  i n t e rva l  cons i s t s  of 
pyrit izedmolds,carapacefragments,  and rare juven i l ecy the r ide ids .  

The t e r r e s t r i a l  p a l y n o f l o r a  o v e r  t h i s  i n t e r v a l  i s  q u i t e  s i m i l a r  
t otha to ftheP l iocenesec t ion .  New elementsincludeUlmipollenites 
s p . .  T i l i a e p o l l e n i t e s  s p . ,  Jug lanspo l l in i t e ssp . ,P t e roca ryapo l l en i t e s  
sp. ,  and Bosiduvaliasp.  

The d ino f l age l l a t e  a s semblage  inc ludes  Sp in i f e r i t e s  c ingu la tus ,  
S p i n i f e r i t e s  c f .  -S. c r a s s i p e l l i s ,  S p i n i f e r i t e s  c f .  S .  i n c e r t u s ,  
Impagidiniumspp.,Lejeuniaspp.,andTuberculodiniumvancampoae. 
Al thoughthela t te rspec ies  i s  o f t en  cons ide red  d i agnos t i c  o f  t he  
Miocene, i t  a l so  occurs  in  Ol igocene  strata in theBeringSea area 
and i n  younger s t ra taelsewhere.Overal l ,boththespore-pol len 
and d inof lage l la teassemblagessugges t  a Mioceneage f o r  t h i s  
i n t e r v a l .  

Environment 

Evidencefrom a l l  of themicrofossi lgroupssuggestsdeposi t ion 
i ns u b l i t t o r a lt om i d d l es h e l f  (300 feet)depths .Paleotemperatures  
werecolderduringthelate  Miocenethan in  the  gene ra l ly  t empera t e  
e a r l y  Miocene. 

Oligocene 

The i n t e r v a l  from4,740 t o  8 ,600fee t  is l a teOl igocene  in 
a g e ;  t h e  i n t e r v a l  from8,600 t o  9,690 f e e t  r e p r e s e n t s  t h e  e a r l y  
Oligocenesection. The base  of theOligocene is somewhat a r b i t r a r y .  
The unconformableboundarybetweentheearlyandlateOligocene 
(8 ,600fee t )  i s  placed a t  t h e  t o p  of seismichorizon C, which i s  
alsotheboundarybetweenl i thologiczones To-2 and To-3. However, 
a s ing lespec imenofthepol lenSaxonipol l i ssaxonicusa t  7,950 
f e e t ,  i f  i n  p lace ,sugges tstha t  the ear ly  Oligocene may be  somewhat 
h igher  than  8 ,600  fee t ,  as does thepresence of a specimen'ofthe 
dinoflagel la tePhthanoperidinium sp.from a conventionalcore a t  
7,937.7 f e e t  (J. Bujak,personal commun., 1985). The topofthe  
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the 

Oligocene is marked by the lowest occurrence of several species
of 

the dinoflagellate Im agidinium and the highest occurrence
of 

Heteraulacysta campanula J. Bujak, personal commun., 1985). The
-E-7--
previously assigned top of the Oligocene section (Turner and others. 

19858) was placed at the highest occurrence of the dinoflagellate 

Achomosphaera aff. A. alcicornu. According to Hideyo Haga (Anderson, 

Warren and Associates, 1980), this species been previously 

recorded in Oligocene strata in western Alaska. Achomosphaera 


to
alcicornu ranges from middle Eocenemiddle Miocenein Europe and 

from late Paleocene through the Eocene
in eastern Canada. The 
"old top" of4,493 feet (from a sidewall core) may been based 
on a reworkedspecimen or mudcake-contamination from downhole. 
It is also possible that 4,493 feetis the actual top, although 

the "new top" is supported by better paleontological evidence and 

fits the lithologic, well log, and seismic data better. Other 

dinoflagellates present include Tenua T. decorata, Systematophora 

placacantha (early Eocene
t h r o u g h e  Miocene), and Distatodinium 

ellipticum (middle Eocene through early Oligocene), and several 

species ofMillioudodinium. These all tend to support toan Oligocene 

age for theinterval. 


The calcareous nannoplankton recovered from the well are rare. 

poorly preserved, andon the whole relatively nondiagnostic. None 

are present above 5,100 feet. The interval from 5,101 to 10,590 feet 

is characterized by sporadic appearances of the long-ranging species

Braarudosphaera bigelowi associated with rare coccoliths and placoliths 

of a small, somewhat problematical form with affinities to species 

in the Coccolithus miopelagicus plexus. These forms suggest a 

middle Miocene to late Oligocene age. Braarudosphaera bigelowi
i s  
often presentin times characterized by geologic crises (Prothero, 
1985). The presenceof Thoracosphaera eat 9,150 feet suggests. 

an age within the Sphenolithus ciperoensis zone. The lower part 

of this zone correlates with NF' 24 zone of Martini (1971), the 

base of whichis late early Oligocene. This somewhat scant evidence 

lends support to the subdivision
of the Oligocene section at seismic 

horizon C, our "mid"-Oligocene unconformity. 


The foraminiferal assemblage supports
an Oligocene age, although 

a number of the species present range up into the Miocene and down 

into the Eocene. The upper partof the interval (4,493 to 5,400 feet) 

is characterized by a fauna that contains dominantly shallow-water 

forms suchas Elphidiella katangliensis. Elphidiella nagaoi, Elphidium 

spp., Cribroelphidium spp., Buccella frigida, Miliammina fusca
--* 
Rotalia cf. R. katangliensis, Rotalia japonica, and Rotalia japonica 
varianta. A-deeper water assemblage, present from 5,400 to9,690 
feet, contains most of the above listed species as well as 
Psammosphaera carnata, Ammodiscus tenuis, Ammodiscus sakhalinicus. 
Libusella laevigata, Martinottiella cf. M. communis, Martinottiella 
bradyana, Bippocrepinellavariabilis, Ha%lophragmoides spp., 
Haplophragmoides tortuosus, Gaudryina quadrangularis, Plectina sp.,

Dorothia sp., Rhabdamminina aspera, Reophax spp., Bathysiphon edurus, 

Bathysiphon sp., Tritaxilina aff. T. colei, Pulleniasp., Cyclammina ____ 
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assemblages are presentbetween8,130and9,690feet. The t e r r e s t r i a l l y  
der ived spore-pol len assemblage indicates  that  warm-temperate 
c l imat ic  condi t ions  preva i led  dur ing  mostofOligocene time. 

Oligocene o r  Older(ProbableEocene) 

Microfossi l  recovery and preservat ion from 9,690 to  12,235 feet  
was qui tepoor .  Most oftherareforaminiferaloccurrencesappear  
torepresentcavedmater ia l .  Most o f  t h e  i n  s i t u  palynomorphs are 
of t e r r e s t r i a l  o r i g i n .  Abundant p l an tma te r i a l  i s  disseminated 
through the massive sandstone uni ts  and as subpa ra l l e l  pa r t ings .  
Mica f l a k e s  and plant  mater ia l  are common i n  t h e  f i n e - g r a i n e d  
laminae. The age,boundaries,  andenvironmenthavenotyetbeen 
unequivocally determined. 

JonathanBujak(personal commun., 1985)indicatedthat  hehad 
recovered a r e l a t ive ly  r i ch  mar ine  mic ro f lo ra  from t h i s  s e c t i o n  o f  
t h e  well. Unfortunately,thesampleshe had a t  t h e  time were too 
wide ly  sca t te red  to  a l low the  p ick ing  of a d e f i n i t i v e  t o p .  

Never the less ,  the  pre l iminary  re inves t iga t ion  y ie lded  a la te  Eocene 

agefrom a sample a t  12,150feet.Thisage i s  based on thepresence 

of  the  d inof lage l la tes  Tr inovantedin ium borea le  andHystrichokolpoma 

salacium,andto some extentfollowsthezonationBujak(1984)erected 

fortheBeringSeafrom DSDP leg19coredata.Althoughthe new 

Trinovantediniumborealeconcurrentrangezone may b e  v a l i d ,  i t  i s  a t  

variancewithcalcareousnannoplanktondata(Worsley,1973)that 

sugges t  an  ear ly  Oligocene age f o r  t h e  same BeringSeacores. 

Bujak (personal commun., 1985) now be l i eves  that Trinovantedinium 

borealerangesintotheear lyOligocene.  Much oftheuncer ta in ty  

w i l l  probably be el iminated when t h e  r e s t u d y  o f  t h i s  i n t e r v a l  i s  

completed. 


It i s  p r o b a b l e  t h a t  t h i s  s e c t i o n  i s  i n  p a r t  e q u i v a l e n t  t o  t h e  
l a te  andmiddleEocenesectionsoftheNortonBasin COST No. 2 well. 

Sedimentaryfeaturessuch as gradedbeddingandflamestructures 

s e e n  i n  c o r e s  8 and 9 (11,960 t o  11,988and12,071 t o  1 2 , 0 9 1  f e e t )  

suggestdeposi t ion by tu rb id i tycu r ren t s .B io tu rba t ion  i s  ne i the r  

extensivenordiagnost ic ;theinfrequentburrowspresentinthe 

mass ive  sands tone  uni t s  cannot  be  unequivoca l ly  re la ted  to  a 

par t i cu la ri chnofac ie s .  However, rare tracesobserved on bedding 

planesinthelaminatedsequencesofcore 8 resembleto some degree 

theichnogenusPlanol i tes  and the"scr ibbl inggrazingtraces"  of a 

t r acefoss i la s semblagetyp ica l  of d i s t a lt u r b i d i t e s .  The dinocyst  

assemblage a t  12 ,150  f ee t  t ends  to  ru l e  ou t  a l a c u s t r i n e  o r i g i n  f o r  

t h i ss e c t i o n .  


Eocene orOlder(PossiblePaleocene) 

No agediagnosticmicrofossilswererecovered from t h e  i n t e r v a l  
between12,235and12,545 f e e t .  Rare, poorlypreservedsporesand 
pol lenarepresent .  The 310-foot-thicksection, boundedaboveand 
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below by unconformities, appears to be roughly correlative with a 
much thicker coal-bearing sequencein the nearby Norton Basin COST 
No. 2 well. Helwig and others ( 1 9 8 4 )  suggest that this sectionis, 
at least in part, Paleocene in age. 

Environment 


The presence of terrestrial spores and pollen in association 

with abundant coal indicates that the sediments are continental 

(fluvial and paludal) in nature. The paleoclimate was probably 

tropical to subtropical. 


Metamorphic Basement 


The No. 1 well penetrated a 2,135-foot-thick section
of 

cataclastically deformed pelitic and psammitic metasedimentary 

rocks of undetermined age. Several lines of evidence suggest that 

these rocks may
be related to rocks exposed in York Mountains in 

the western part of the Seward Peninsula that are considered to be 

Precambrian to Paleozoic (Sainsbury and others,
1 9 7 0 ;  A. Till, 
J. Dumoulin, personal commun.,1 9 8 5 ) .  

COST NO.2 WELL 

Pleistocene 


The interval from
450 to 1,320 feet is consideredbeto 
Pleistocene in ageon the basis of a foraminiferal fauna characterized 

by Elphidium clavatum,
Elphidium bartletti, Protoelphidium orbiculare, 

Elphidiella gorbunovi,Elphidiella oregonense, Elphidiella Hannai, 

Buccella frigida, andQuinqueloculina akneriana. 


Rare, poorly preserved and broken ostracodes assignable to 

Paracyprideis pseudopunctillata, "Acanthocythereis" dunelmensis, 

Heterocyprideis sorbyana, and Rabilimis septentrionalis substantiate 

a Pleistocene age. 


The diatom assemblage is quite sparse, but the presence
of 

Melosira sulcata to some degree supports a Pleistocene age. Spores 

and pollen are also rare, but an assemblage composed
of 

Sphagnumsporites spp., Alnipollenites sp., and Betulaceae and 

Compositae (Helianthus type) is consistent with a Pleistocene age. 

No calcareous nannoplankton or radiolarians were recovered in this 

interval. 


Environment 


The microfossil assemblage indicates that the Pleistocene 

sediments were deposited in cold water at inner neritic depths 
(0 to 60 feet). Salinity varied from normal marine to brackish. 
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Pliocene 


The interval from 1,320 to 2,580 feet represents the Pliocene 

section of the well. The siliceous microfossil zonation utilized 

hereafter follows that of Koizumi (1973), Schrader
(1973). and 

Barron (1980). The Pliocene section be only provisionally 

further subdivided owing to the poorly
known biostratigraphy of 

the areaand to complications caused
by extensive reworking and 

downhole sample contamination. 


The late Pliocene
(1.320 to 1,846 feet)is defined by the highest 
occurrences of the diatoms Coscinodiscus marginatus fossilis, 
Coscinodiscus pustulatus, Stephanopyxis horridus, .andThalassiosira 

zabelinae. Rare specimens of Denticulopsis kamtschatica recovered 


at
from a sidewall core 1,846 feet mark the top of the middle Pliocene. 

The base of this interval on
is tentatively placed at 2,228 feet 

the basis of the highest occurrence of the early Pliocene forms 

Cosmiodiscus insignis and Thalassiosira punctata. The early Pliocene 

section (2,228 to 2,580 feet)
is based on the highest occurrences of 

the aforementioned diatom species and an assemblage characterized 

by Coscinodiscus temperei and the silicoflagellate Ebriopsis antiqua. 


The terrestrial palynoflora contains relatively abundant specimens 

of Alnipollenites sp., Osmundacites sp., and rare to frequent 

Betulaceae, Polypodiaceae, Polemoniaceae, Compositae, and Malvaceae. 


The marine component of the Pliocene palynoflora includes the 

dinoflagellates Lejeunia spp., Spiniferites spp., and Cannosphaeropsis 

aff. C. sp. A Williams and Brideaux 1975. The highest occurrence 

of the latter species, 2,310 feet,
is considered tobe a possible 
Miocene marker by Biostratigraphics (1982) on the basis of the . 
occurrence of Cannosphaeropsis sp. inA Williams and Brideaux 1975 

the Miocene of eastern Canada. They also identify a Tasmanaceae 


be to
zonule between 2,040 and 2,670 feet that they considerPliocene 
to Miocenein age. The No. 2 wellwas recently reprocessed and 
reexamined utilizing fluorescence microscopy. This analysisyielded
abundant specimens of the algal cyst Leisophaeridia and the brackish-
water dinoflagellate Peridinium sp. B
(J. Bujak, personal commun., 

1985) and tends to support a Pliocene age. 


The foraminiferal fauna contains all of the species present
in 

the overlying Pleistocene section wellas specimens of
as 
Pseudopolymorphina sp., Dentalinasp., Quinqueloculina seminulum,
Globobulimina sp., Elphidiella sibirica, Elphidiella E. brunescens, 
Elphidium incertum, Cassidulina cf.- C. minuta, PulleniaSF., and 
Oolina melo. 

Environment 


in a
Deposition took place at inner neritic depths cold-water 

environment characterized by fluctuating salinities. The cheilostome 

bryozoan fragments recovered include both encrusting and erect 

colonies. The presence of cellariiform and catenicelliform zoarial 
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types (erect with flexible internodes) suggests depositional
a 

environment characterizedby moderately strong currents and a 

relatively high sedimentation rate. Strongly stenohaline forms 

such as echinoids and ophiuroids are present throughout the interval 

but are neither diverse nor numerous. 


Miocene 


The interval from2,580 to 3,524 feet is Miocene in age. The 
section is subdivided into late and early Mioceneon the basis of 

siliceous microfossil assemblages. The late Miocene (2,580 to 3,120 

feet) is based on the lowest occurrence of Thalassiosira zabelinae 

and the highest occurrences
of Rhaphoneis surirella and Goniothecum 

tenue associated with Coscinodiscus vetustissimus, and Coscinodiscus 
__
temperei. No in situ middle Miocene forms are present and it is 

possible that this timeis represented by a hiatus. The early 

Miocene (3,120 to 3,524 feet) is characterized
by Thalassiothrix 
longissima, Rhaphoneis miocenica, Rhaphoneis -R. fossilis, and 
Actinocyclus ingens. 

The spore-pollen assemblage is quite similar to that identified 

in the overlying Pliocene section with the addition of the pollen

Tsuga veridifluminipites (J. Bujak, personal commun., 1985). The 

dinoflagellate assemblage contains Lejeunia paratenella, Lejeunia 

spp., Spiniferites cingulatus, Spiniferites ramosus, Tuberculodinium 

vancampoae, and Hystrichosphaeropsis sp. The dinocyst stratigraphy 

supports that derived from diatoms and silicoflagellates. 


The foraminiferal assemblage is similar to the Elphidium-

Elphidiella-dominated faunas seen higher in the well and contains 

all of the same species. New taxa include Cribroelphidium crassum, 

Quinqueloculina sachalinica, Dentalina aff.
D. nasuta, Elphidiella 

simplex, Elphidiella katangliensis, Pseudogl&dulina sp.,

Pseudoglandulina aff. P. nallpeensis, Ellipsoglandulina cf. E. 


and Porosorotalia clarki.This
subobesa, Sigmoidella pacifica,

represent middle to early
assemblage, here considered to Miocene, 


to
is best developed from 3,200 3,540 feet. Species such as Elphidiella 

katangliensis, Porosorotalia clarki, and Quinqueloculina sachalinica 

were described from deposits of supposed late Miocene
aEe on Sakhalin
-
Island, U.S.S.R. (Voloshinova, and others, 1970). Subsequent 

stratigraphic revisions (Serova, 1976; Gladenkov, 1977; Menner and 

others, 1977) place these strata in the middle Miocene and it is 

quite possible that they may prove be older. Several of the 

species appear to range through the Oligocene section and may 

extend into the Eocene as well. 


Environment 


The late Miocene interval was deposited in inner to middle 

neritic depths ina cold climate. The early Miocene interval 

represents a shallower (inner neritic) and warmer (warm-temperate?) 

environment. 
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Oligocene 


The interval from3,524 to 6,850 feet is late Oligocene inage; 
the interval from6,850 to 10,160 feet is early Oligocene. The 
palynofloras over this interval are abundant, diverse, and relatively 
diagnostic. The uppermost coal-bearing portion of the sequence 
(3 ,524  to 3,930 feet) is characterized by an assemblage composedof 
Alnipollenites sp., Betulaceae, and rare to frequent Ulmipollenites 
sp., Pterocaryapollenites sp., and Momipites sp. From3,930 to 
6,520 feet, the spore-pollen and dinocyst assemblages are much more 
diverse and age diagnostic. Additional terrestrial palynomorphs 

sp., Juglanspollenites sp.,
include common Caryapollenites 

Tiliaepollenites sp., and lessabundant specimens ofFaguspollenites 

sp., Ilexpollenites sp., and Liquidamberpollenites sp. The dinocyst 

assemblage contains Tenua cf.
T. decorata, Distatodinium ellipticum, 
Deflandrea sp., and mecanizella indentata. A reprocessing and 
reexamination of the cuttings 3,750 to 4,910 feet yielded a 
rich, relatively long-ranging dinoflagellate assemblage containing 
Lingulodinium machaerophorum, Systematophara ancyrea, Oliogsphaeridium 
centrocarpum, and Reticulatosphaera stellata( J .  Bujak, personal 
commun., 1 9 8 5 ) .  

Below 6,890 feet, the presence ofan abundant palynoflora 
characterized by the heath pollen Ericipites indicatesan early 
Oligocene age (J. Bujak, personal commun., 1 9 8 5 ) .  The unconformable 
boundary between early and late Oligocene is placed6,850atfeet 
on the basis of this paleontological evidenceas well as well log, 
lithological, and seismic data. Fungal palynomorphs, particularly 
species of Striadiporites, an increasingly important floral 
element below 7,900 feet. Biostratigraphics ( 1 9 8 2 )  suggests that 
some of the fungal taxa recovered 9,300 feet may haveEocene. 

affinities. 


Calcareous nannoplankton are represented in No. 2 well by 
a single, incomplete placolith of Coccolithus pelagicus 7,250 to 
7,340 feet. The morphology of the specimen suggests that it is 
older than Miocene. 

The foraminiferal assemblage contains Elphidiella katangliensis, 
Elphidiella cf. E .  problematica, Elphidiella cf.E .  tenera, Elphidiella 
cf. -E. californica, Cribroelphidi-rassum, Cribroelphidium 
cf . C .  vulgare, Buccella mansfieldi, Porosorotalia , Rotalia 
japoGica, Rotalia japonica varianta, Quinqueloculina sp., Miliamnia 
fusca, Buliminella curta, Caucasina eocenica kamchatica, Caucasina 
bullata, Caucasina schwageri, Reophax spp., Plectina sp., 
Haplophragmoides spp., Cyclammina cf.-C. pacifica, Sigmomorphina 
suspects, Sigmoidella pacifica, Pseudoglandulina inflata, Martinottiella 
sp . ,  Pyrgo williamsoni, Trichyohyalus bartletti, Saccammina sp.,
and Psammosphaera carnata. 
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Shallow-water forms such as Elphidiella katangliensis and 

Porosorotalia clarki dominate over much of the interval. Shelf 

forms such as Caucasina and deeper water forms such as Cyclammina 

are far less common. The Caucasina eocenica kamchatica Zone is~ ~_ _ _
restricted to the late Eocene in the
U.S.S.R. and defines the 
Eocene-Oligocene boundaryon the Kamchatka and Ilpinsky Peninsulas 
(Serova, 1976). However, the several speciesof Caucasina recovered 
from theNo. 2 well range wellup into the Oligocene. 

Environment 


The climateof the Oligocene was at least warm-temperate and 
the bathymetry fluctuated from possible outer neritic to continental. 
Coal-bearing strata are present in the upper partof the section from 
3,524 to 4,570 feet. This continental to transitional sequence contains 
a predominantly inner neritic section from3,930 to 4,250 feet containing 
shallow-water foraminifers that are commonin hyposalineenvironments. 
Inner to middle neritic conditions prevailed 4,570 to 5,150 feet. 
Middle to outer neritic conditions obtained from5,150 to 6,770 feet. 
Although rare, isolated specimens of Cyclammina C. pacifica and 
Martinottiella sp. are present, they are not associated awith 

definitive deep-water faunal assemblage. The presence ofa dominantly 

shallow-water fauna and minor amounts of coal in drill cuttings 
suggest that outer shelf-upper slope depositional depths were not 
obtained. Below 6,770 feet, the environment is characterized by 
numerous fluctuations from continental and transitional to inner 
neritic. There are numerous thin coal seams,
as well as coal beds 
as much as5 feet thick, between6,850 and 8,450 feet. There is 

atsome indication that the unconformity 6,850 feet is bracketed 
by middle neritic pulses. Overall, the interval from6,770 to 
10,160 feet appears to represent deltaic to inner shelf paralic 
deposits. 

Eocene 


The interval from10,160 to 12,700 feet is Eocene in age. A 
suite of distinctive and diagnostic fungal palynomorphs, including 
Striadiporites sp., Ctenosporites wolfei, Dicellaesporites sp.A 
Rouse 1977, and Pesavis tagluensisis present. Published ranges 
suRRest that these species generally occur earlierin the Canadian 

ArEiic than in British Columbia. The known ranges
in the Norton 
Sound area are somewhat intermediate.On the basis of fungal 
palynomorph ranges, the interval above11,960 feet is no older than 
early to middle Eocene and maybe late Eocenein age. The spore-

pollen assemblage is essentially the same as that in the overlying 

early Oligocene. Marine palynomorphs are rare in the samples and 

most were probably caved. 


Foraminifera are quite sparse over this entire interval and 

occur most frequently between
10,160 and 12,000 feet. Many are 
probably caved from uphole. The assemblage contains rare specimens 
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ofPorosorotal iaclarki ,Elphidiumspp. ,Elphidiel lakatangl iensis ,  
E l p h i d i e l l a  c f .  -E.  c a l i fo rn ica ,  Psammosphaera c f .  E. carna ta ,  
Saccannnina sp. ,  Ammodiscus sp., Loxostomum sp.,andfragmentary 
polymorphinids. 

A dermalscutefrom a juveni le  s turgeon was recoveredfrom 
c u t t i n g s  a t  10,160feet.Comparisonswithmaterial in t h e  

f o s s i l  c o l l e c t i o n s  o f  t h e  U n i v e r s i t y  of Ca l i fo rn ia  a t  Berkeley 

i n d i c a t e  t h a t  i t  is a spec ie s  o f  Ac ipense r  t ha t  has  a f f in i t i e s  

with an unnamed spec ies  from t h e  e a r l y  T e r t i a r y  ofMontana (Pa t r i ck  

McClellan,personal commun., 1983). 


Environment 


The Eocenedepositionalenvironmentsfluctuatedbetween 
cont inenta l(predominant lyf luvia landpaludal ) ,t rans i t iona l  
(marshes,bays,andestuar ies) ,andinnerneri t ic .Deposi t ional  
environments in theupperpartofthesect ion(10,160to 12.000 
f e e t )  may haveoccasional lybeenasdeepasmiddleneri t ic .Thick 
coalbedsarenotpresentabove12,700feet .  The presenceof 
eu ryha l ine  Foramin i f e ra  a s soc ia t ed  wi th  t e r r e s t r i a l  po l l en  and 
fungalpalynomorphs,pelecypodshards,sturgeonscutes,and 
sca t te redcoalsugges ts  a transit ionalenvironment.Although 
sturgeon are anadromous, t he  juven i l e s  commonly inhabi ts loughs  
near r iver  mouths. The i n t e r v a l  fromabout12,000 t o  12,700feet  
( l i t h o l o g i c  zone Te-2) is dominant lycont inental  in aspect .  The 
cl imate  in t h e  Eocene was a t  l e a s t  s u b t r o p i c a l .  

Eocene orOlder(PossiblePaleocene) 

The i n t e r v a l  from12,700 t o  14 ,460  fee t  is Eocene o r  o lde r .  
Helwigand o t h e r s  (1984)  cons ide r  t h i s  s ec t ion  to  be  in  pa r t  
Paleocene in age,probablyonthebasisofpalynologicaldata.  
Palynomorphrecoveryfromcuttings is poor i n  t h i s  p a r t  of  the well 
and thespecimensarepoorlypreserved.Seismic andgeochemical 
invest igat ions indicate  an unconformity at  approximately 11,960 feet .  
Anotherunconformity is placed a t  12 ,700  f ee t  on  the  bas i s  of 
l i t h o l o g i c  and  d ipmeter  c r i te r ia .  

Eocene fungalpalynomorphswererecoveredfromsidewallcores 
i n  t h i s  i n t e r v a l  b u t  n o t  fromconventionalcores.Thisleaves 
open  the  poss ib i l i t y  t ha t  t he  s idewa l l  co res  may havesampled 
contaminated mud cake. 

Environment 

The th ick  coa l  sequences  ind ica te  a continentalenvironment.  
The paleoclimate was probably no coolerthanthatoftheoverlying 
Eocenesection. 
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MetamorphicBasement 

The i n t e r v a l  from14,460 to14 ,889fee tcons i s t so fphy l l i t e ,  
q u a r t z i t e ,  andmarblesimilartorocks of probablePaleozoicage 
exposed on t h e  Seward Peninsula.  No i n  s i t u  f o s s i l s  wererecovered 
from t h i s  p a r t  of t h e  well. 

CORRELATION 

The s t r a t a  i d e n t i f i e d  i n  t h e  Norton Sound COST No. 1 and No. 
2 wells c a n  b e  b i o s t r a t i g r a p h i c a l l y  c o r r e l a t e d  ( f i g .  1 2 )  desp i t e  
t he  f ac t  t ha t  t hey  a re  loca t ed  approx ima te ly  49 n a u t i c a l  m i l e s  
a p a r t  andweredeposited i n  g e o g r a p h i c a l l y  d i s t i n c t  and t e c t o n i c a l l y  
independentsubbasinscharacterized by d i f f e r e n t  d e p o s i t i o n a l  
environments(f igs .  10 and 11). The deposi t ionalenvironmentsofthe 
S t .  Lawrence s u b b a s i n ,t h es i t e  of t h e  No. 1 w e l l ,  a r e  f a r  more 
marinethanthoseoftheStuar tsubbasin,thesi teofthe No. 2 
wel l .Never the less ,s imi la r i t i esbe tweenthe  two wells are more 
pronouncedthandifferences,par t icular lyinthemarinesequences 
seenaboveseismichorizon C ( f i g s .1 3  and 14) .  Below th i shor i zon ,  
which is  the unconformable boundary between early and late Oligocene, 
c o r r e l a t i o n s  are somewhat more diff icul tbecausethenonmarine and 
t r a n s i t i o n a l  s t r a t a  o f  t h e  No. 2 well must be  compared withthe 
predominantlyshelfandslopedeposits of t h e  No. 1 well .  With 
theexceptionoftheEoceneorolder(possiblePaleocene)section, 
which i s  f a r  t h i c k e r  i n  t h e  No. 2 well ,  t ime-equiva len tuni t sare  
ofroughlyequivalentthicknessesinthe two wells.Sedimentation 
r a t e s  werenotcalculatedbecauseofthetentat ivenature  of some 
o f  t he  b ios t r a t ig raph ic  boundar i e s ,  pa r t i cu la r ly  be low 9 ,660  f ee t  
i n  t h e  No. 1 w e l l .  

Pleis tocene 

The f i r s t  sample i n  each COST well  i s  P le i s tocene  in  age ,  
a l though i t  i s  p robab le  tha t  a t h i n  Holocene sec t ion  was penetrated.  
Sample q u a l i t y  i s  poor. The base  of thePle is tocene  w a s  p l aceda t  
1 , 3 2 0f e e ti nb o t h  wells. Microfossi lassemblages,l i thology,  and 
d e p o s i t i o n a l  e n v i r o n m e n t s  a r e  e s s e n t i a l l y  i d e n t i c a l  i n  b o t h  w e l l s .  
Shallowseismicevidenceindicatesthatthere may b e  a s l i g h t  
unconformitybetweenthePlioceneandthePleistocenesedimentary 
sec t ions .  

Pliocene 

The top  of thePl iocene is a t  1 , 3 2 0  f e e t  i n  e a c h  w e l l ,  t h e  b a s e  
ofthePl iocene i s  a t  2,639 f e e t  i n  t h e  No. 1 wel l  and 2,580 f e e t  i n  
t h e  No. 2 wel l .  The Pliocene was subdiv idedin toear ly ,middle ,  
and l a t e  i n  b o t h  w e l l s  on t h e  b a s i s  of s i l i c e o u s  m i c r o f o s s i l  
assemblages,butthechaoticmixtureofreworked andcavedforms 
renderssuch a subd iv i s ionprov i s iona la tbes t .Ingene ra l ,t he  
microfoss i l  assemblages  in  both  wel l s  re f lec t  s imi la r  pa leo
environments. 
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Miocene 

The topofthe Miocene i s  a t  2,639 f e e t  i n  t h e  No. 1 well and 
a t  2 ,580  f e e t  i n  t h e  No. 2 well. There may be  a middle Miocene h i a t u s  
i n  b o t h  wells, poss ib ly  in  pa r t  co r re l a t ive  wi th  the  NH4 h ia tus  o f  
Barronand Keller ( 1 9 8 2 ) .  This in t e rva lappea r stoberep resen ted  
byanunconformity (seismic horizonE) on the bas in  f lanks  and  a 
zone  of  b iogenic  s i l i ca  d isso lu t ion  and d iagenes is  i n  the subbasins  
(seeLithostratigraphyandSeismicStratigraphychapter,figs.  13 
and 1 4 ) .  The base  of t h e  e a r l y  Miocene i s  a t  4 ,740  fee t  i n  t h e  No. 1 
well and a t  3,524 f e e t  i n  t h e  No. 2 well. There may b e  a middle 
Miocene toppresent  a t  3 ,120  f e e t  i n  t h e  No. 1 well (J. Bujak,personal 
comm., 1 9 8 5 ) .  Microfoss i lassemblagesandl i tho logiesarequi te  
similar i n  b o t h  wells, a l though there  are some i n d i c a t i o n s  t h a t  
depos i t ion  was a t  shallowerdepths i n  the No. 2 well and that  the 
Stuar t  subbas in  was subjec t  to  grea te r  f resh-water  in f luence .  

Oligocene 

StrataassignedtotheOligoceneepochaccountforroughlyhalf  
of the sedimentary sect ion penetrated by the wells, approximately 
5 , 0 0 0  f e e t  i n  t h e  No. 1 well  and 6 , 6 4 4  f e e t  i n  t h e  No. 2 well. I n  
t h e  No. 1well, the  Ol igocene  sec t ion  ( 4 , 7 4 0  t o  9 , 6 9 0  f e e t )  i s  
represented almost  ent i re ly  by marine deposi t ion,  much of i t  outer  
shelfandupperslope. By way o fc o n t r a s t ,i nt h eO l i g o c e n es e c t i o n  
ofthe No. 2 well ( 3 , 5 2 4  t o  10 ,160  fee t )  almost halfofthesediments  
are coa l  bear ing  and were deposi ted under  t ransi t ional ,  nearshore 
t o  nonmarineconditions. 

The boundary between the early and l a t e  O l i g o c e n e  i n  b o t h  wells 
( 8 , 6 0 0  f e e t  i n  t h e  No. 1 well, 6 , 8 5 0  i n  the No. 2 )  corresponds  to  the. 
top of seismic horizon C and the boundary between li thologic zones 
To-2 and To-3. Thisunconformity may representthemajor  "mid"
Oligocene sea leve l  drop  (event  TO 2 . 1  of Vail and o t h e r s ,  1977)  
approximately 30 millionyearsago. The ageoftheunconformity is 
general ly  corroborated by the avai lable  palynological  and 
nannoplankton data. 

There is a small b u t  pronounced coal-bearing transit ional 
environmentpresentnearthetopoftheOligocenesect ioninthe 
No. 1 well ( 4 , 7 4 0  t o  4 , 9 8 0  f e e t )  t h a t  i s  co r re l a t ive  wi th  the  coa l -
b e a r i n g  s t r a t a  s e e n  i n  t h e  No. 2 well a t  3,524 t o  4 , 5 7 0  f e e t .  

Eocene 

D e f i n i t e  l a t e  t o  m i d d l e  Eocene s t r a t a  are presentfrom 10 ,160  
t o  12,700 f e e t  i n  t h e  No. 2 well. Some la te  Eocenepalynomorphs were 
found i n  t h e  No. 1 well i n  a sample a t  12,150 f e e t .  It is  probable 
t h a t  p a r t  of theproblematicOligoceneoroldersect ion ( 9 , 6 9 0  t o  
12 ,235  f e e t )  i s  c o r r e l a t i v e  w i t h  t h e  Eocene s e c t i o n  i n  t h e  No. 2 well. 
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Eocene orOlder(PossiblePaleocene) 

In both  wel l s ,  a coal-bearing section unconformably overlies 
t he  r eg iona l  ea r ly  Cenozoic t o  l a t e  Mesozoic e ros iona l  sur face  
(seismichorizon A ) .  This con t inen ta lsec t ion ,  310 f e e tt h i c k  in 
t he  No. 1 well  and 1 ,760fee tth ick  i n  the  No. 2 wel l ,  is truncated 
byanunconformity a t  12,235 feet  in t he  No. 1 well  and a t  11,960 
f e e t  in the  No. 2 wel l .  Because of t heva r i ab lel i t ho log iccha rac t e r  
of t he  s t r a t a  unde r ly ing  t h i s  sur face  in two subbas ins  tha t  a r e  
separated by a la rge  pos i t ive  tec tonic  e lement ,  th i s  unconformi ty  
is notcharacterizedby acont inuousseismicref lector .Nevertheless ,  
i t  is reasonableto assume thattheunconformit iesareapproximately 
coeval.Likewise, on t h eb a s i s  of l i thology,deposi t ionalenvironment ,  
s t r a t i g r a p h i c  p o s i t i o n ,  and thes imi l a rp rese rva t iona ls t a t eo f  
thepalynomorphs, i t  seems l i k e l y  t h a t  t h e  Eocene or o lde r  s ec t ions  
in the  two wells a r e  in p a r tc o r r e l a t i v e .  Helwigand others(1984) 
consider t h i s  s ec t ion  to  be  i n  partPaleocene i n  age. 

Basement Complex (Probable Late Precambrian to Paleozoic) 

Both wells penetrated metasedimentary sections below the 
regionalunconformitythat  marks acousticbasement. The 2,135-foot-
th ick  sequence  of  ca tac las t ic  rocks  i n  t h e  No. 1 well appears 
q u i t e  s i m i l a r  t o  s l a t e  of l a t e  PrecambriantoearlyPaleozoicage 
describedfrom the  York Mountains of the  Seward Peninsula;the 429 
f e e t  of q u a r t z i t e ,  p h y l l i t e ,  and marbleident i f ied in the  No. 2 wel l  
appea r s  t o  be  qu i t e  s imi l a r  t o  metamorphicrocksofprobablePaleozoic 
agedescribed from t h e  c e n t r a l  and eas te rn  par t s  of  the  Seward 
Peninsula. A t  p resent ,  i t  i s  notposs ib leto  more c l o s e l yr e l a t e  
t he  metamorphic sec t ions  of t he  two wells  on the  bas i s  o f  e i the r  
ageorgenesis.Severalsamples from the  No. 1 wellwererecently 
r ep rocessed  fo r  ac r i t a r chs  and chi t inozoansbutyieldednegat ive 
r e s u l t s .  
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Lithostratigraphy and Seismic Stratigraphy 

The of fshore  l i thos t ra t igraphy of  the  Nor ton  Bas in  i s  based on 
t h e  i n t e g r a t i o n  o f  well logandlithologicdatafromtheNorton 

Basin C.OST No. 1 and No. 2 wells withpaleontologicand CDP seismic 

data .  A s t r a t i g r a p h i cs e c t i o no f  12,500 t o  14,400 f e e t  ofQuaternary, 

Neogene,and Paleogeneclast icsediments  was penetratedbytheNorton 

Basin COST wells .  A t  bo thwe l l s ,t heTer t i a ry  bas inf i l lunconfo rmab ly  

o v e r l i e s  a Precambrian to  Pa leozoic  metasedimentary  sec t ion  of  s la te ,  

s c h i s t ,  q u a r t z i t e ,  andmarblesimilartooutcrops on t h e  Seward 

Peninsula.Thesemetasedimentaryrocksareincluded i n  t h e  

miogeocl inalbel tofFisher  and o the r s  (1979)  andappeartoform 

thebasementcomplexbeneath much ofNortonBasin. 


TheNortonBasin i s  d iv ided  in to  two s t ruc tu ra l  subbas ins  by 
a no r thwes t - t r end ing  an t i c l ina l  s t ruc tu re  termed t h e  Yukon hor s t  
(Fisher  and o t h e r s ,  1982). The COST No. 1 wellsampled a s t r a t i g r a p h i c  
sec t ion  west of t h e  h o r s t  i n  t h e  S t .  Lawrence subbasin and t h e  COST 
No. 2 well penetrated a s e c t i o n  e a s t  of t h e  h o r s t  i n  t h e  S t u a r t  
subbas in( f ig .  7 ) .  Both we l l s  were located on basementlows near 
subbasindepocenters.  Over 16,000 f e e t  of Tert iarysediment  i s  present  
nearthe COST well s i te  i n  t h e  S t .  Lawrencesubbasinandover 24,000 
f e e t  is present  near  the  well s i te  i n  t h e  S t u a r t  s u b b a s i n .  

The Neogene s t r a t a  i n  b o t h  s u b b a s i n s  a r e  s i m i l a r  and c o n s i s t  
pr imari lyofmarineshelfdeposi ts .Paleogenestratapenetrated 
i n  t h e  COST No. 1 well (St .  Lawrence subbasin) are g e n e r a l l y  f i n e r  
grainedand more marine in  cha rac t e r  t han  those  encoun te red  in  the 
COSTNo. 2 w e l l  (S tuar tsubbas in) .Thissediments izedis t r ibu t ion  
p robab ly  r e f l ec t s  t he  c lose r  p rox imi ty  of t he  S tua r t  subbas in  to 
sedimentsourceareas. Most ofthepotent ia lreservoirsandstones 
encounteredinthe COSTNo. 2 w e l l  r e p r e s e n t  a l l u v i a l ,  d e l t a i c ,  and 
shal lowshelfdeposi ts ,whereas  mostof the  coeval  sands tones  in  the  
S t .  Lawrencesubbasin COST No. 1 well appeartobeoutershe l fto  
uppers lopeturb id i tedepos i t s .  

The strata encounteredinthe two NortonBasin COST w e l l s  a r e  
he re  d iv ided  in to  in fo rma l  s t r a t ig raph ic  un i t s  o r  l i t ho log ic  zones  
t h a t  can b e  c o r r e l a t e d  on t h e  b a s i s  of microfossil  assemblages,  
seismicstrat igraphy,l i thology,inferreddeposi t ionalenvironments ,  
l a rge - sca l e  pa t t e rns  o �  regress ion  and t ransgression,andwirel ine 
logpe t rophys ica lcha rac t e r i s t i c s( f ig s .  13 and 1 4 ) .  
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function of temperature and requires a range of95 t o  125 O F  
toin i t ia tela rge-sca leconvers ion(Hein  and o thers ,1978) .  
Petrophysicalchangesassociatedwiththetransformation of opal-A 
in diatomaceoussedimentsinclude marked increasesincompact ion,  
cementa t ion ,bulkdens i ty ,hardness ,cohes ion ,andbr i t t l eness .  
Thesechanges are p r i m a r i l y  d u e  t o  t h e  r e p r e c i p i t a t i o n ,  
r e c r y s t a l l i z a t i o n ,  andcollapse of t h e  b i o g e n i c  s i l i c a  f r a c t i o n  
( I s a a c s  and o t h e r s ,  1983;Heinand o thers ,1978) .  In both  COST 
wells in theNortonBasin,changes in l i t ho logy  anddiatomabundance, 
andcorrespondingwirelinelogresponses,occur a t  dep ths  tha t  
would be  wi th in  the  r equ i s i t e  t empera tu re  r ange  to  in i t i a t e  opal-A 
i n s t a b i l i t y .  

In some par tsoftheBeringSea,  a bot tom-simulat ingref lect ion 
(BSR) a t t r i b u t e d  t o  a s i l ica  diageneticzoneoccurs a t  a depth 
between 1.0 and2.0seconds two-way t r a v e l  time (Hammond and Gai ther ,  
1983).Fisherandothers(1982)suggestedthat in theNortonBasin 
( S t .  Lawrence subbasin) ,horizon E mightrepresent a BSR. Horizon E 
cons i s t en t ly  p roduces  r e f r ac t ed  a r r iva l s ,  has  a lowerfrequencythan 
adjacent  r e f l ec t ions ,and ,  in t h e  c e n t r a l  p a r t  of t h e  bas in ,occurs  
between 1.0 and1.5seconds. However, t h e  d e f i n i t i v e  seismic 
c h a r a c t e r i s t i c  of a BSR i s  tha t  because  i t  mimics t h e  sea f l o o r  
topography i t  appearsd iscordantwi thdippingref lec tors .  A BSR, 
i f  p r e s e n t  in theNortonBasinarea, i s  extremelysubtleandcould 
not  be  unequivoca l ly  ident i f ied  on seismic da ta .  

F isher  and others(1982)speculated thatterr igenoussediment  
i npu tin to  the  bas in  might  have  d i lu ted  the  d i a tom f r ac t ion  of t h e  
sed imen t  t o  the  po in t  t ha t  a diagenetic boundary would no t  be  
de tec tab le .  This doesnotappeartobethe  case. The d i agene t i c  
zone in t he  S tua r t  subbas in  ( a t  t he  COSTNo. 2 wel l )spansan 
i n t e r v a l  which includes the upper p a r t  of a de l ta ic  sequence  in 
whichterrigenousinput was high, y e t  the  pa leonto logica l  and 
petrophysicalchangesthere  and i n  t h e  S t .  Lawrencesubbasin COST 
well, where the  d i agene t i c  zonespansanintervaloffine-grained 
she l f  depos i t s ,  are q u i t e  similar. 

In shal lower par ts  of  the Norton Basin,  seismic horizon E may 
coincidewith a la te  Mioceneunconformity. The d iscordant  
r e f l e c t i o n s  aboveandbelowhorizon E in these  areas suggest  the 
presenceofanunconformity. In theses t ruc tura l lysha l lower  
areas, horizon E i s  probablytooshallow(above1.0second)tobe 
within the necessary temperature  range for  opal-A transformation 
tooccur .  Some i n t e r p r e t a t i v e  d i f f i c u l t i e s  in deeperpar t softhe  
bas in ,  and a t  t h e  COST wells, may b e  due to  the approximate coincidence 
of an unconformable stratigraphic surface and a diagenetic boundary. 
This r e l a t i o n s h i p  would probably generate a familyof seismic 
re f l ec t ions  caused  in grea t  pa r t  by  cons t ruc t ive  in t e r f e rence .  
S i m i l a r  i n t e r p r e t a t i v e  d i f f i c u l t i e s  were encountered  in  the  Navar in  
Basin(Turnerandothers,1984)andotherBeringSea areas where 
the zone of  biogenic  s i l ica  diagenesis  of ten generates  a s t rong  
r e g i o n a l  r e f l e c t o r  which may obscure  s t ruc tu ra l  i n t e rp re t a t ion  o f  
seismic horizons in theshal lowsubsurface.  
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Simi la r i t i e s  be tween  the  d i agene t i ca l ly  a l t e r ed  Miocene d i a tomi te s  
of theBeringSeabasins and those of theMontereyFormation,which 
i s  animportanthydrocarbonsourcerock and r e s e r v o i r  i n  C a l i f o r n i a ,  
sugges ttha tse i smicsequence  I1 couldbe a prospec t iveexplora t ion  
t a rge t .I ff r ac tu red ,thes i l i ceousrocksinsequence  I1 could 
f u n c t i o na s  a r e s e r v o i r ;  i f  u n f r a c t u r e d ,  t h e  same rockscouldserve 
a s  a s ea lfo runde r ly ingrese rvo i r s .  

OLIGOCENE 

Strataof  probableOligoceneageaccountfor  much o f  t he  Te r t i a ry  
sec t ionintheNor tonBas in .Sed imen ta rys t r a t a  ofOligoceneage 
r e f l e c t  s e v e r a l  r e g r e s s i v e  and t ransgress iveepisodeswhichare  
c o n s i d e r e d  i n  t h e  s u b d i v i s i o n  o f  t h e s e  s t r a t a  i n t o  t h r e e  s t r a t i g r a p h i c  
un i t sdes igna ted ,  fromtoptobottom, To-1 t o  To-3. 

Li tho log ic  Zone To-1 

Zone To-1 (4,700 t o  5 , 5 8 0  f e e t  i n  t h e  COST No. 1 well ;3 ,524to 
4 , 8 5 0f e e ti n  t h e  COST No. 2 w e l l )  is composed o fin t e rbeddedde l t a i c  
toshal low-shelfsandstones,  s i l t s tones ,muds tones ,  and coa l s .  In 
bothsubbasins ,thesequence c o n s i s t s  of a lowersandyuni t ,  a middle 
f ine -g ra ined  un i t  o f  s i l t s tone  andmudstone,andanuppersandyunit. 
The zone cons i s t so fanove ra l lr eg res s ivesequencetha tr e f l ec t s  
t hep rograda t ionofde l t a i cdepos i t sin tothesubbas ins .  The f ine-
grained m i d d l e  un i t  p robably  records  a minor t ransgress ive  ep isode  
which in t e r rup tedde l t a i cp rograda t ion .  

Sandstonesfromthiszone f a l l  i n t o  t h e  f e l d s p a t h i c  l i t h a r e n i t e  
ca tegory  of Fo lk ' sc l a s s i f i ca t ion(1974) .  Framework g r a i n sc o n s i s t  
of45 t o  60  percentquar tz ,15to25percentfe ldspar(pr imar i ly  
p l ag ioc la se ) ,  and25 t o  30percentl i th icf ragments .Sands tone  
compositionsfromthe two s u b b a s i n s  d i f f e r  p r i m a r i l y  i n  t h e  c o m p o s i t i o n  
of t h e i r  l i t h i c  components. L i th i cf r agmen t sintheS t .  Lawrence 
subbasin (COST No. 1 w e l l )  a r e  composed c h i e f l y  o f  d u c t i l e  
metamorphicgrains(mica and quartz-micaschis t ) ,whereasintheStuar t  
subbasin (COSTNo. 2 w e l l ) ,  t h e  l i t h i c  c l a s t s  i n c l u d e  g r a i n s  o f  
fe ldspars ,carbonates ,micas ,sha le ,andschis ttha twereder ived  
from volcanic,metamorphic, and sedimentarysourceterranes.  

Zone To-1 sed imen t s  i n  the  S tua r t  subbas in  (COSTNo. 2 w e l l )  
con ta in  nea r ly  equa l  con t r ibu t ions  from volcanic,metamorphic,and 
sed imentarysourcete r ranes  (AGAT, 1982, D-281-PI,),whereasequivalent 
sed imentsdepos i tedinthe  St. Lawrence subbasin (No. 1 we l l )  were 
derivedfrom a metamorphicsourceterrane and r e f l e c t  o n l y  a minor 
inputfromvolcanicsources  (AGAT, 1980, p .  9). Thissugges tstha t  
duringOligocene time, theStuartsubbasinreceivedsedimentfrom 
two ma jo r  l i t hos t r a t ig raph ic  p rov inces ,  t he  miogeoc l ina l  be l t  and 
t h e  Okhotsk-Chukotsk v o l c a n i cb e l t .  The S t .  Lawrence subbasin,  
however,receivedterrigenoussedimentprimarilyfrom a s i n g l e  
province ,themiogeocl ina lbe l t .  
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Nonmarine d e l t a i c  f a c i e s  are more p r e v a l e n t  i n  s t r a t a  o f  t h e  
S tua r tsubbas inthanintheS t .  Lawrence subbasin.Li thologiczone 
To-1 i n  t h e  COST No. 2 well con ta ins  a number o f  r e l a t i v e l y  t h i c k  
coa lbeds .  I n  c o n t r a s t ,  t h e  COST No. 1 well con ta ins  a more marine 
f a c i e s  andhasonly a few th in ,  sha l ey  coa l s  nea r  t he  top  o f  t he  
zone.Sandstonebeds i n  t h e  COST No. 2 well are coarsergra ined ,  
t h i c k e r ,  and morenumerous thanthose  i n  t h e  COST No. 1 well. 
Zone To-1 microfoss i l  assemblages  ind ica te  a g rea t e r  f r e shwa te r  
i n f l u e n c e  i n  t h e  COST No. 2 well, as compared t o  t h e  more marine 
s e c t i o n  i n  t h e  COST No. 1 well. 

L i tho log ic  zone To-1 comprisestheupperpartof seismic sequence 
111 ( f i g s .  13 and 14). Sequence 111 containsbothmedium-amplitude, 
modera te ly  cont inuous  re f lec t ions  andhigh-amplitude,discontinuous 
r e f l e c t i o n s .  These seismic c h a r a c t e r i s t i c s  are o f t e na s s o c i a t e dw i t h  
strata formed i n  margina l  mar ine  and  f lwiodel ta ic  envi ronments .  
Seismicsequence I11 i s  bounded a t  t he  top  by  se i smic  ho r i zon  D ,  
which i s  anunconformity mapped a t  o r  n e a r  t h e  t o p  of theOligocene 
sec t ionacrosstheNor tonBas in( f igs .  1 7  and 18). Horizon D and 
seismic sequence I11 are la te ra l ly  cont inuous  throughout  the  bas in  
and onlapbasement on s t r u c t u r a lh i g h s .S y n d e p o s i t i o n a lf a u l t i n g  
i s  common i n  sequence 111. 

Li tho log ic  Zone To-2 

In  t h e  COST No. 1 wel l ,  zone To-2 extendsfrom 5,580 t o  8,600 f e e t ;  
i n  t h e  COST No. 2 well, from 4,850 t o  6,850 f e e t .  The sediments 
o f  l i t h o l o g i c  zone To-2 cons is tofmar inemudstones ,s i l t s tones ,  
andsandstones. In t h eS t .  Lawrence subbas in ,the  COST No. 1 well 
penet ra ted  a section of predominantly deepwater marine mudstones,  
s i l t s t o n e s ,  and muddy sandstones;  in t heS tua r tsubbas in ,  t h e  COST 
No. 2 we l l  pene t ra ted  an  equiva len t  sequencecharacter ized by 
she l fsands tones  and s i l t s t o n e s .  The strata of zone To-2 comprise 
roughlythelowertwo-thirdsof  seismic sequence 111 ( f i g s .  13 and 14). 
I n  t h e  S t .  Lawrence subbasin,sequence I11 r e f l e c t i o n s  a r e  more 
discontinuousandhavelowerand more va r i ab le  ampl i tudes  than  
equiva len t  strata t ot h ee a s t  in theStuar tsubbasin.Sequence I11 
r e f l ec to r s  t yp ica l ly  on lap  unde r ly ing  s t r a t a  ove r  p re -ex i s t ing  
s t r u c t u r e s  and along basin margins .  

Seismichorizon C i s  mapped nea r  t he  base  o f  l i t ho log ic  zone To-2 
and representstheunconformable,lowerboundary of seismic sequence 
I11 ( f i g s .  13 and 14). Horizon C formstheapproximate lyf la t  summits 
of  hors t s  in  the  Nor ton  Bas in ,  which  a re  a lmost  a l l  a t  about  the  
same depth.Strataabovehorizon C are la te ra l lycont inuousbetween 
subbasins  and over  the  Yukon hor s t ,  whereas  s t r a t a  be low th i s  
hor izonarenot .Hor izon  C may r e f l e c t  a seal eve ld ropdur ing  
t h e  "mid"-Oligocenewhichexposed i n t r a b a s i n  h i g h s  t o  e r o s i o n .  
Eros ive  t runca t ion  of  these  h ighs  eventua l ly  a l lowed the  expans ion  
of more open-mar ine  condi t ions  across  the  Yukon h o r s t  and i n t o  t h e  
S tuar tsubbas in .  
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The upper pa r to f  zone To-2 i n  t h e  COST No. 1 well c o n s i s t s  of 
probableprodel ta  mud and s i l t  depos i t s .Th i sin t e rp re t a t ion  i s  
i n  par tbased  on t h e  s t r a t i g r a p h i c  p o s i t i o n  o f  t h e  zonesubjacent 
t o  a de l t a i csequence .  The dark-graytoblackcolorofthemudstones 
i s  t y p i c a l  of o rgan ica l lyr i chprode l t ased imen t s(F i she r  and 
o thers ,1974) .  A convent ionalcore from t h i s  i n t e rva lr ecove red  
25 f e e t  of b i o t u r b a t e d ,  o l i v e - g r a y ,  s i l t y  andsandymudstone 
conta in ingfoss i lf ragments ,carbonaceousdebr i s ,mica ,pyr i te ,  
and t r aceso fg laucon i t e .  Some of thebeddingexhibi tssmall-scale  
sof t - sed iment  deformat ion  s t ruc tures  tha t  sugges t  depos i t ion  on a 
s lope .  

The lowerpar t  of zone To-2 i s  a sequenceofrhythmiccyclesof 
t h i n  ( 5  t o  10 f e e t ) ,  coarsening-upwardshaleysandstoneswhich 

grade upward i n t ot h i c k( 2 0t o  110 f ee t ) ,b locky ,s t acked ,sha ley  

sands tones( f ig .  19 ) .  The deposi t ionalenvironmentofthesesandstones 

is  uncer ta in .  On a l a r g es c a l e ,t h e  upward-thickening, upward

coarseningsequence appearsanalogous t o  t h e  b a s i n - p l a i n  f a c i e so f  

Mutt i  and RicciLucchi(1972)for  a progradationalsubmarinefan 

( f i g .1 9 ) .  The logsignaturesofthecycl ic ,thin,coarsening-upward 

s a n d s t o n e s  a r e  s i m i l a r  t o  t h o s e  o f  t u r b i d i t i c  d i s t a l - f a n  s a n d  l o b e s ;  

thethicker  blockysandswithabruptbasessuggestmiddle-toinner 

fanchanneldepos i t s(Se l ley ,1978,f igs .  54and 55) .  The hypothesis  

t h a t  zone To-2 was deposi tedindeepwater  i s  supportedbythe 

presence ofupperbathyalmicrofossi ls  and t h e  c l o s e  r e l a t i o n s h i p  

withtheunderlyingmarineshale  ofzone To-3. 


The l i t h i c  componentsof t h e  s andf rac t ion  ofzone To-2 i n  t h e  
COST No. 1 w e l l  ( S t .  Lawrence subbasin)suggest  a s imilarprovenance 
t o  t h a t  o f  t h e  o v e r l y i n g  d e l t a i c  d e p o s i t s  o f  zone To-1, t h a t  i s ,  
c h i e f l y  metamorphic grains derived from o lde r  miogeoc l ina l  be l t  rocks .  
The mudstones of zone To-2 consis tofabout  60 percentsmect i te ,  
i l l i t e ,  andmica,withtheremaining 40  percent  composed ofequal  
p a r t s  of c h l o r i t e  and k a o l i n i t e .  

I n  t h e  COST No. 2 wel l ,thesands tone  framework g r a i n s  c o n s i s t  
of 50 t o  60 p e r c e n t  q u a r t z ,  1 0  t o  20 percentfe ldspar ,and  25 t o  35 

p e r c e n tl i t h i cf r a g m e n t s .  Thesesands tonesa rec l a s s i f i ed  as l i t h i c  

arkoses  (AGAT, 1982, D-281-2). The l i t h i cf r a c t i o nc o n t a i n sa b o u t  

twice as many p l u t o n i c  and v o l c a n i c  g r a i n s  as metamorphicgrains. 

This s u g g e s t s  t h a t  t e r r i g e n o u s  i n p u t  from t h e  Okhotsk-Chukotsk vo lcan ic  

b e l t  predominated in t h e  S t u a r t  s u b b a s i n  i n  t h e  la te  Oligocene. 


Wirel inelogsfromthe COST No. 2 wel lind ica tetha tzone  To-2 
r e p r e s e n t s  a generallyfining-upwardandthinning-upwardsequence. 
Sandstonebedsare  thickerand morenumerous in  the  lower  ha l f  o f  
t hesequence ;th inbedso fs i l t s tone ,s i l t ysands tone ,  andmudstone 
predominate intheupperha l f .Th i spa t t e rnsugges t sanove ra l l  
t ransgressivesequence.  

The th icknesses  of ind iv idua lsands tonebedsaregenera l ly  7 
t o  20 f e e t ,w i t ho n ea tl e a s t  65 feetthick.Althoughcoal  is 
reportedinsamplesfromthissequence,  no c o a l  b e d s  t h i c k  enough 
tobedetectedbywirel ineloggingtoolswereobserved.  The c o a l  
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presen t  in dr i l l  cu t t i ngs  appea r s  t o  be  p redominan t ly  d i s semina ted  
ca rbonaceousde t r i t u s  from terrestrial p l a n t s .  The presenceofan 
inne r  ne r i t i c  mic ro foss i l  a s semblage ,  abundan t  she l l  sha rds ,  
b i o t u r b a t i o n  t r a c e s ,  and g l aucon i t e  suppor t s  a dominantlymarine 
o r i g i n  f o r  zone To-2. 

L i tho log ic  Zone To-3 

I n  theS tua r tsubbas in  (COST No. 2 well) ,  zone To-3 c o n s i s t s  
o f  f l uv iode l t a i c  depos i t s  o f  interbedded sandstone,  s i l t s t o n e ,c o a l ,  
and p r o d e l t a  mudstone. In theSt .  Lawrence subbasin (COST No. 1 w e l l ) ,  
the  infer red  equiva len t  Ol igocene  sec t ion  cons is t s  of bas ina l  mar ine  
s h a l ed e p o s i t s .  ZoneTo-3 i s  separa tedf romthesuper jacent  zone 
To-2 by t h e  "mid"-Oligoceneunconformity,which i s  representedby 
horizon C ( f i g s .  1 3  and 14). 

The s t r a t a  o f  zone To-3 comprisetheupperthirdtotwo-thirds  
ofseismicsequence I V .  These strata donotappeartobecont inuous 
ac rossthe  Yukon h o r s tt h a ts e p a r a t e st h e  two subbasins.There 
are m a r i n e  f o s s i l s  i n  t h e  S t u a r t  s u b b a s i n ,  however,whichsuggest 
a marine connection between the subbasins a t  t h e  time of depos i t i on  
ofzone To-3. 

S t .  LawrenceSubbasin 

In t h e  COST No. 1 well, zone To-3 (8,600 t o  9,685 f e e t )  i s  
charac te r ized  by  a uniform sequence of l i g h t - to dark-gray 
pyri t i ferous mudstones containing a deepwater microfossil  assemblage 
(Turnerandothers,1983a). The gamma-ray, SP, and r e s i s t i v i t y  
logs  a l l  d i s p l a y  a monotonous sha le  r e sponse  wi th  few d e f l e c t i o n s  
from t h e  s h a l e  b a s e l i n e  e x c e p t  n e a r  t h e  b a s e  o f  t h e  i n t e r v a l .  . 
Deposi t ion probably took place in a deepwater basin-plain environment. 
The s e i s m i c  r e f l e c t i o n s  t h a t  c o r r e s p o n d  t o  t h e s e  strata are 
discontinuousand weak. These strata overl iewhat ,  on a reg iona l  
s c a l e ,  a p p e a r  t o  b e  a l l u v i a l  f a n  d e p o s i t s  t h a t  g r a d e  b a s i n w a r d  
in tosubmar inefandepos i t s .  These se ismica l lydef inedsedimentary  
packages display onlapping relat ionships  with basement  rocks on 
h o r s t s  and o t h e r  s t r u c t u r a l  h i g h s .  

Stuar tSubbasin 

In t h e  COST No. 2 well, zone To-3 extendsfrom 6,850 t o  10,280 
f e e t .  The zonecons is t s  of a sequence of t h r e eg e n e t i c a l l yr e l a t e d  
u n i t s  of strata rep resen t ing  a s ingledepos i t iona lsys tem.  These 
u n i t s  are interpreted(fromtop t o  bottom) t o  b e  l a r g e l y  d e l t a -
p l a i n ,  d e l t a - f r o n t ,  and p rode l t adepos i t stha tp rogradedin to  a 
shallow-water marine basin.  

The sediments in theupperunitofzone To-3 in t h e  COST No. 2 
w e l l  (6,850 t o  8,450 f e e t )  c o n s i s t  of a complexlyinterbeddeddel ta ic  
sequenceofsandstone,s i l ts tone,shale ,  and coal.Samplesfrom 
t h i s  i n t e r v a l  y i e l d e d  a con t inen ta l  t o  marg ina l  mar ine  mic ro foss i l  
assemblage. The l i t h i c - c l a s tf r a c t i o no ft h e  framework g ra inso f  
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S c h e m a t i c  S t r a t i g r a p h i c  S e c t i o n ,  
S u b m a r i n e  F a n  M o d e l  

( M u t t ia n dR i c c iL u c c h i ,  1972; 
N i l s e n ,  1984)  

F I O U R E  	79. Compar ison of l a r g ea n da m a l l - s c a l ev e r t i c a lw l r e l l n el o gp a t t e r n s  
ofrockuni t  To-2,  S t .L a w r e n c es u b b a s i n .a n dc h a r a c t e r i s t i cv e r t i c a l  
c y c l e s  of submar inefanturbid i tefac ies .(Logheadingabbreviat ions:  
VSH-shalevolume,GRGammaRay,SFL=SphericailyFocusedResistivityLog) 
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t hese  sands tones  ind ica t e s  a dominantlymetamorphicsourceterrane 
(AGAT, 1982) .Thissuggeststhat  a major s h i f t  from a metamorphic 
t o  a volcanicsourceareaoccurredsubsequenttothedeposi t ionof  
zone To-3. 

Wire l inelogs  of t he  uppe r  un i t  i nd ica t e  numerous t h i n  c o a l  
beds ( 5  f e e tt h i c ko r  less) throughouttheinterval .Sandstonebeds 
are gene ra l ly  5 t o  20 f e e t  t h i c k  and  appear  to  be  re la t ive ly  c lean  
based upon large SP and gamma-ray l o g  d e f l e c t i o n s  as well as co re  
andpetrographicdata .  The deposi t ionalenvironmentsrepresentedby 
two c o r e s  f r o m  t h i s  i n t e r v a l  were i n t e r p r e t e d  as poin t  bar ,  channel  
f i l l ,  l e v e e ,  o v e r b a n k  and swamp d e p o s i t s  on the  bas i s  of  abundant  
carbonaceousdebris and coal,plantimpressions,fining-upward 
character ,moderatesandsort ing,thepresence of r i p p l e  t o  p a r a l l e l  
laminat ions,andtheabsence of  mar ine  b io turba t ion  t races  (AGAT, 
1980) .Thissedimentaryuni tprobablyrepresents  a f l u v i a l l y  
dominateddel ta-plainsystem.Thisinterpretat ion i s  based on t h e  
preponderanceoff luvial lyinf luencedaggradat ionaldel ta-plain 

facies .f a c i e s  and t h e  r e l a t i v e  p a u c i t y  ofs t rongly  marine Notably 
absent  a r e  t h e  th i ck  shore face  tofo reshore  de l ta - f rontsands  
( smooth ,funnel -shapedlogprof i les )tha ta retypica l lydeveloped  
i n  wave-dominated des t ruc t iona l  mar ine  se t t i ngs  (F i she r  and o t h e r s ,  
1974;BalsleyandParker,1983). 

Se i smic  r e f l ec t ions  co r re spond ing  to  the  s t r a t a  of theupper 
unitofzone To-3 i n  t h e  S t u a r t  s u b b a s i n  d i s p l a y  m o d e r a t e  t o  
highamplitudesand are re l a t ive lycon t inuous .La te ra l ly ,these  
r e f l e c t i o n s  become d ivergent  away frombasementhorsts.These 
d i v e r g e n t  s e i s m i c  r e f l e c t i o n s  may r e p r e s e n t  a l l u v i a l  f a n  d e p o s i t s  
(F i she r  and o t h e r s ,  1982) g e n e t i c a l l y  r e l a t e d  t o  t h e  f l u v i o d e l t a i c  
sandstonespenetrated in t h e  COST No. 2 well. 

Below the  f luv iode l ta ic  sequence ,  the  middle  uni t  ofzone To-3 
(from8,450 t o  9 ,230  fee t )  i s  characterizedbythin-bedded,fining
upward andthinning-upwardsequencesofveryfinegrainedsandstone, 
s i l t s t o n e ,  and sha le .  The dipmeterlogindicatesuniformdipswith 
l i t t l e  v a r i a t i o n  in magnitude and direct ion,  which suggests  deposi t ion 
in q u i e t  water below wave base(Schlumberger,1981, p. 36) .  The 
sparsemicrofossi lassemblages,chief lyshal low-water  Foraminifera ,  
i n d i c a t e  a n  i n n e r  n e r i t i c  t o  t r a n s i t i o n a l  ( e s t u a r i n e )  d e p o s i t i o n a l  
environment(Turnerandothers,1983b). The micaceousmudstone,shale, 
and s i l t s t o n e  r e c o v e r e d  from d r i l l  c u t t i n g s  and c o r e s  a r e  c h o c o l a t e  
brown t o  d a r k  g r a y  or b lack  and contain abundant coaly andcarbonaceous 
material. Se i smicre f l ec t ionsco r re spond ingtotheses t r a t aa re  
gene ra l ly  weakerand less cont inuousthanthoseoftheoverlying 
f luv iode l ta icsequence .  A convent iona lcoref romthemiddleuni t  
contained very f ine grained,  massive to  f ining-upward bedding sets 
ofcarbonaceoussandstonewhichgraded upward in to  th in ,  i n t e rbedded  
carbonaceoussandstoneandmudstone,cappedbymottledcarbonaceous 
mudstone.Sedimentarystructuresincludedcurrentr ipple ,  wavy, 
p a r a l l e l ,  andmudstone-inclinedlaminations,disturbedbedding 
(soft-sedimentdeformation),  and load casts (AGAT, D-281-5, 1982). 
Thesetypesofsedimentarystructures andsequences, as well as 
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pat ternsobserved on thewi re l inelogs( f ig .20 ) ,sugges tdepos i t i on  
on a s l o p eb yt u r b i d i t yc u r r e n t s  (Bouma, 1962;Walker,1965). 
However, thedominantlyshallow-waterforaminiferalfaunacontains 

no i n  s i t udeepe rwa te re l emen t stha t  would support  a downslope 

t r a n s p o r to r i g i nf o rt h i sf o s s i la s s e m b l a g e .I ft h e s ef a c i e s  

r ep resen t  depos i t s  gene ra t ed  by  dens i ty  cu r ren t s ,  t hen  depos i t i on  

may have  occurred  in  re la t ive ly  sha l low water .  


Fisher  and others(1974)  and BalsleyandParker(1983)characterize 
d i s t a l  d i s t r i b u t a r y  mouth bar  depos i t s  as  cons is t ing  of  f ine-gra ined  
sed imen t s  i n  g raded  beds  tha t  r e su l t ed  from rapidsedimentinf luxes 
dur ingf loods .Thesesedimentarys t ruc turesinc ludepara l le l  and 
r ipp lelamina t ion ,gradedtomass ivebedding ,th in  Bouma sequences,  
s o l e  marks and l o a dc a s t s ,  and loca lbu r rowingin  bedtops. The 
f a c i e s  p r o f i l e s  from t h e  COST wel llogs  and thesedimentaryfea tures  
desc r ibedinthecore  from t h i s  m i d d l e  u n i t  compare c lose lywi ththe  
d i a g n o s t i c  c h a r a c t e r i s t i c s  o f  a n c i e n t  andmodern d i s t a l  mouth ba r  
depos i t s .  It i s  reasonabletoconcludethatzone To-3 was probably 
deposi tedbysimilarprocesses .  

S t r a t a  i n  t h e  l o w e r  u n i t  of l i t h o l o g i c  zone To-3 (9,230 t o  
1 0 , 3 0 0  f e e t  i n  t h e  COSTNo. 2 wel l )cons is tofth in-beddedshale ,  
s i l t s t o n e ,  andminoramountsof s i l t y  s a n d s t o n e  t h a t  c o n t a i n  a 
sparse,shallow-waterforaminiferalassemblage. The d ipmeterlog  
i n d i c a t e s  u n i f o r m  d i p s  w i t h  l i t t l e  v a r i a t i o n  i n  m a g n i t u d e  or 
d i r e c t i o n ,  whichsuggestsquiet-waterdeposit ion(Schlumberger,  
1981, p. 36) .  Drill c u t t i n g s  fromtheserocks cons i s t  o f  
carbonaceous, chocolate-brown t o  dark-gray or black micaceous 
mudstone,shale ,andsi l ts tone.  A convent ionalcore from t h e  COST 
No. 2 wel l ,  whichsampled thebasa lpa r to fthelowerun i t ,  
containsthinlyinterbeddedcarbonaceousmudstones,s i l ts tones,  
and s i l t ys a n d s t o n e si n  coarsening-upwardsequences.Sedimentary 
s t ruc tu resinc luder ipp lel amina t ion ,h igh -ang lep lana rc ross 
laminat ion,  andabundantcontor tedbedding,suggest ingdeposi t ion 
on a s lope .  The f a c i e sc h a r a c t e r i s t i c s  of thislowerpackageare 
t y p i c a l  of p rode l t adepos i t s(F i she r  and o thers ,1974;Sher i f f ,  
1980). 

EOCENE 

Over 2,400 f e e t  o f  s t r a t a  of Eocene or  probableEoceneage are 
p r e s e n t  a t  b o t h  COST well loca t ions .  The uppercontactofthese 
s t r a t a  w i t h  t h e  o v e r l y i n g  O l i g o c e n e  i n  b o t h  COST wells i s  marked by 
a l a r g e  s h i f t  on t h e  gamma-ray logs .  An i n c r e a s ei nr a d i o a c t i v i t y  
of30 t o  50 API u n i t s  o c c u r s  i n  t h e  s i l t s t o n e s  and s h a l e s  ofEocene 
or  probable  Eocene  age  re la t ive  to  those  of  the  over ly ing  Ol igocene .  
O f f s e t s  i n  t r e n d s  of thethermalmatur i tyoforganicmat te r( f ig .30)  
and ind ipmete rda ta  a t  o r  n e a r  t h i s  gamma-ray l o g  s h i f t  i n  t h e  
No. 1 we l l ,sugges ttheposs ib i l i t y  ofanunconformity. However, i n  
t h e  No. 2 well, no suchoffse ts( f ig .33)wereobserved  a t  theupper 
contactwherethe gamma-ray l o g  s h i f t  o c c u r s .  
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N a t u r a l  Shal low I n t o r v a l  
Gamma-Ray Log e s l s t i v i t y  L o g  T r a n s i t  Time 

Depth 
( f e e t )  I o*---- ( u s / P t )  8 o  

40 (API) I 	 3 3 

9100 

9200 


F l O U R E  20. W i r e l i n el o gd e t a i l so fl a r g ea n ds m a l l - s c a l e  
b e d d i n g  c y c l e s  o f  t h e  i n f e r r e d  d i s t a l  f a c i e s  o f  a 
d i s t r i bu ta rymou thbarsands tone ,zoneTo-3 ,Nor ton  
C O S T  No. 2 we l l .Sma l l - sca lef i n ing -andth inn ing -upward  
b e dc y c l e s  a r e  w e l l - d e f i n e d  o n  t h e  r e s i s t i v i t ya n ds o n i c  
l o g s  a n d  a r e  i n t e r p r e t e d  t o  r e f l e c t  B o u m a  T a - e  
s e q u e n c e s .E a c hs e q u e n c eI si n f e r r e dt or e p r e s e n t  a 
t u r b i d i t ye v e n tf e db yd i s t r i b u t a r ym o u t h sd u r i n gs t o r m  
a n df l o o de v e n t s .  
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The probableEoceneagesection in t h e  S t .  Lawrence subbasin 
is represented  by a s ing le  l i t ho log ic  sequence  a t  t h e  COST No. 1 
wel l( f ig .13 ) .  In theStuar tsubbas in  (COST No. 2 w e l l ) ,  however, 
t h e  Eocene s e c t i o n  i s  d i v i d e d  i n t o  two d i s t i n c t  l i t h o l o g i c  u n i t s  
separa ted  by anunconformity(f ig .14) .  The unconformity i s  mainly 
ind ica ted  by a l a r g e  o f f s e t  i n  t h e  v i t r i n i t e  r e f l e c t a n c e  t r e n d s  
wi thdepth( f ig .33) .  

S t .  LawrenceSubbasin:Lithologic Zone Te 

Li thologic  zone Te s t r a t a  i n  t h e  COST No. 1 wellextendfrom 
9 ,685  to  12 ,235  f ee t  and c o n s i s t  of verymicaceous,fine-grained 
sandstoneswhichareinterbeddedwith brown todark-gray ,sparse ly  
burrowed,micaceousshale and s i l t s t o n e .  The sandstone framework 
g r a i n s  c o n s i s t  of40 t o  60percentquartz ,30to55percentmicas ,  
and 2 t o  1 2  percentfragments  ofmicaceousschist.Thesesandstones 
a r e  c l a s s i f i e d  a s  l i t h a r e n i t e s  (AGAT, 1980)and were probably 
der ived frommetamorphicrocksofthemiogeoclinalbelt. In the  
upperthird of t h i s  zone t h e r e  a r e  t h r e e  b a s a l t i c  sills t ha tr ange  
i n  t h i c k n e s s  from 6 toover140fee t .Igneousrockssuchasthese  
probablyaccountfor many of t he  s t rong  d i scon t inuous  r e f l ec t ions  
inse ismicsequence  I V .  

Sandstonebedsinzone Te ,  whichvaryfrom a few inches  to  over  
100fee t  in th ickness ,genera l lyincrease  i n  frequency of occurrence,  
t h i ckness ,  and o v e r a l lg r a i ns i z e  downward. Sedimentarystructures  
and fea turesobservedinsands tonesinf iveconvent iona lcores(which  
co l lec t ive lyrecoveredover90fee t  of s ec t ion )inc ludesha rp  
e ros iona l  bed  bases  wi th  occas iona l  groove  cas t s  and f lame s t ructures  
(AGAT, 1980). Bedding s t y l e s  i n c l u d e  thin,gradedbeds,  fining-upward
Bouma cyc le s ,  and massive bedding in t h e  t h i c k e r  u n i t s .  Burrows a r e  
present  i n  thetops of some beds.Althoughonlyraremarine 
palynomorphswererecoveredfromzone Te  (at  12 ,150fee t ) ,t he  
sedimentarystructuressuggestdeposi t ion as mar ine  tu rb id i t e s .  

Se i smic  r e f l ec t ions  in sequence I V  correspondingtozone T e  
make up most of the reflections between horizon B2 and A a t  t h e  COST 
No. 1 well ( f i g .1 3 ) .  Away from t h e  COST No. 1 well, r e f l e c t i o n s  
from t h i s  i n t e r v a l  v a r y  i n  amplitude and c o n t i n u i t y  and dipbasinward 
from t h e  Yukon h o r s t  and o therpos i t ivebasements t ruc tures .  Near 
thebasementhighs,thesedippingref lect ionsprobablyrepresent  
a l luv ia lf andepos i t s(F i she r ,1982) .  The p o s s i b l et u r b i d i t e si n  
t h e  COST No. 1 wel l  may r ep resen t  a d i s t a l - b a s i n  f a c i e s  g e n e t i c a l l y  
r e l a t e d  t o  a n  a l l u v i a l  f a n  and de l t a i c  depos i t i ona l  sys t em.  

Stuar tSubbasin 

Li thologic  Zone Te-1 

I n  the  COST No. 2 w e l l , l i t h o l o g i c  zone Te-1 (10,280 t o1 1 , 9 5 8  
f e e t )  c o n s i s t s  of a sequence of thinlyinterbeddedmicaceoussandstones,  
s i l t s t o n e s ,  and shalesderivedmainlyfrom a metamorphicterrane 
(AGAT, 1980).Theserocksunconformablyoverlietheremainderof 
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t h e  Eocene sec t ion .  Zones Te-1 and Te-2 a resepa ra t edby  seismic 
horizon B-3, which occurs  i n  thelowerpartofseismicsequence I V  
( f i g .  14). Ref lec t ions  from t h i si n t e r v a l  are genera l lyof  low 
ampl i tude ,wi thpoortofa i rl a t e ra lcon t inu i ty .S t r a t a  from t h i s  
i n t e r v a l  terminate a g a i n s t  the f l a n k s  of the Yukon h o r s t  and o the r  
pos i t ive  basement  s t ruc tures .  

Sandstones i n  t h i s  zone are ch ie f ly  f ine - to  ve ry  f ine -g ra ined ,  
poor lytomodera te lysor ted ,  andmicaceous,althoughthin, well-
so r t ed ,  medium- tocoarse-grainedsandstones are l o c a l l y  p r e s e n t .  
W i r e l i n e  l o g s  i n d i c a t e  t h a t  t h e  i n d i v i d u a l  b e d s  are g e n e r a l l y  less 
than  5 f e e t  t h i c k  and t h a t  fining-upwardsequencespredominate. 
Sedimentarystructuresobserved i n  cores  inc lude  th in ,  g raded  beds ,  
small-scale hummocky(?) crossbedding, and r ipp lecross- lamina t ion .  
Microfossi lassemblagesindicate  a paleobathymetryfromtransi t ional  
( e s t u a r i n e ? )t om i d d l e  neritic. The gradedbeddingandlackof 
b io tu rba t ionsugges tr ap iddepos i t i on  i n  quietwater .Dipmeterdata  
show l i t t l e  v a r i a t i o n  i n  dip magnitude and d i r e c t i o n ,  which a l s o  
sugges t s  gene ra l ly  qu ie t  water depos i t i on  (Schlumberger,1981,p.36). 
The hummocky(?), c ros s - s t r a t i f i ed ,  we l l - so r t ed  sands  are sugges t ive  
o fs t rongep i sod iccu r ren t s  (Harms and others ,1975)  andimply 
tha t  t he  depos i t i ona l  env i ronmen t  was sha l low enough to  be  a f fec ted  
bystorm-generatedcurrents .  

L i tho log ic  Zone Te-2 

I n  t h e  COST No. 2 well, l i t h o l o g i c  zone Te-2 extendsfrom11,958 
t o  12 ,700fee t .  The upper 420 f e e t  o f  t h i s  zone c o n s i s t s  of a sequence 
ofthick,fining-upward,conglomeraticsandstones.  Most o fthe  
pebblesandgranules are vo lcan ic  i n  o r i g i n ,  which i n d i c a t e s  a 
s i g n i f i c a n t  d e t r i t a l  i n f l u x  from t h e  Okhotsk-Chukotsk volcanic  beJt .  
The sequence is composed of a 180-foot-thick basal bed with an abrupt  
e r o s i o n a l  b a s e  and a grada t iona l  f in ing-upward  prof i le ,  over la in  by  
a series of similar beds varying from 25 t o  60 f e e t  t h i c k .  

A convent iona l  core  from the  upper  30  fee t  o f  the  th ick  basa l  
bedcontains a conglomerateofmatrix-supported,randomlyoriented, 
subangu la r  vo lcan ic  c l a s t s ;  the conglomerategrades upward i n t o  
medium- toveryf ine-gra ined ,poor lysor tedsha leysands tone .  The 
sedimentary s t r u c t u r e s  p r e s e n t  are defined by laminae ofcoaly 
d e t r i t u s  and o rgan ic - r i ch  sha le  c l a s t s  a long  bedd ing  surfaces  and 
inc lude  h igh-angle  (25  to  40 d e g r e e s )  i n c l i n e d  s t r a t i f i c a t i o n  and 
s l igh t lycontor tedbedding .Shel lf ragments  are repor ted  i n  d r i l l  
cutt ingsfromthesandstonesequenceabovethecoredinterval.  A 
sidewallcorefrom s t h i n  mudstoneinterbeddisplayed a mott led 
t ex tu re  sugges t ive  o f  b io tu rba t ion  (AGAT, 1980). 

S i g n i f i c a n t  amounts o f  coa l  a r e  p re sen t  i n  c u t t i n g s  from t h e  
conglomeraticsandstonesequenceandfrom the underlying shale and 
s i l t s t o n e  whichcomprisethelower322 feet  of t h e  zone i n  t h e  No. 
2 well. However, c o a l  b e d s  t h i c k  enough t o  b e  d e t e c t e d  on w i r e l i n e  
logs  are notpresent .  The c o a l  is probab lyde r ivedf romei the rth in  
l aminae ,  coa ly  de t r i t u s ,  o r  bo th .  
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The deposi t ionalenvironmentrepresented byzone Te-2 i s  
uncer ta in .  The presence of coal,conglomerate,  and a dominantly 
cont inenta lmicrofoss i lassemblagesugges tstha tth i ssec t ion  
r ep resen t s  a nonmarine, f l u v i a l  d e p o s i t  (AGAT 1980;Turnerand 
others ,1983b) .  However, t h e  presence of shell  fragments and 
b io tu rba tedsha lein t e rbeds  are incons is ten twi th  a f l u v i a l  d e p o s i t .  
The sed imentarys t ruc tures  andbeddingsequencesobservedinthe 
conglomeraticsandstonecouldhaveresulted from e i t h e r  f l u v i a l  or 
t u r b i d i t ed e p o s i t i o n .  The presence of c o a l ,p a r t i c u l a r l yi f  i t  is 
detr i ta l ,doesnotexcludemarinedeposi t ion.Largeamounts  of 
p l a n t  m a t e r i a l  a r e  common i n  modern tu rb id i t e  depos i t s  (Ne l son  and 
Nilsen,1984) and c o a l y  d e t r i t u s  i s  repor ted  from a n c i e n t  t u r b i d i t e  
d e p o s i t sa s  well ( B a l s l e y  and Parker,1983).  

POSSIBLE PALEOCENE: LITHOLOGIC ZONE TP 

Lithologiczone Tp (12,235 t o  1 2 , 5 4 5  f e e t  i n  t h e  COST No. 1 we l l ;  
12,700 t o  14 ,460  f ee t  i n  the  COSTNo. 2 wel l )  i s  composed ofinterbedded 
s a n d s t o n e ,s i l t s t o n e ,c o a l ,  and sha le .  The zoneunconformably 
overliesmetamorphicbasement and is unconformablyoverlainbyEocene 
sed imen ta rys t r a t a .  Zone Tp conta ins  numerous coa lbeds( f requent ly  
up t o  10 f e e tt h i c k ) .  The sands tonesaregenera l ly  medium t oc o a r s e  
gra ined ,poor lysor ted ,  and containabundant de t r i t a l  mat r ix  and 
carbonaceousdebris .Coresfromthiszoneexhibi ttypicalf luvial  
f a c i e sc h a r a c t e r i s t i c si n c l u d i n gp e b b l e  l a g s ,t r o u g h  t o  r i p p l e  
c r o s s - s t r a t i f i c a t i o n ,  andsmall-andlarge-scalefining-upward 
beddingsequences. Abundant leafimpress ionsarepreservedinthe  
interbeddedshales.Sandstoneclastcompositionssuggest a source 
a rea  dominatedby s c h i s t  andmarblerock. 

Inthe  COST No. 2 wel l ,severa llayersofigneousrock(vary ing  
i n  t h i c k n e s s  from 5 t o  25 f ee t )  a r e  in t e rca l a t ed  wi th  zone  Tp s t r a t a .  
The d r i l l  cu t t ingsconta ined  a poss ib le  welded t u f f  and a s i n g l e  
s idewallcorefromanigneousinterval  was c l a s s i f i e d  a s  b a s a l t  
(AGAT, 1982). The i g n e o u si n t e r v a l sa r ec h a r a c t e r i z e d  on wel llogs  
by h i g h  r e s i s t i v i t i e s ,  l a r g e  gamma-ray d e f l e c t i o n s  ( l o w  r a d i a t i o n ) ,  
h i g h  s o n i c  v e l o c i t i e s ,  and h igh  bu lk  dens i t i e s .  

S t r a t a  i n  zone Tp make up t h e  b a s a l  p a r t  of seismic sequence 
I V  i n  bo thsubbas ins( f ig s .13  and 14 ) .Ref l ec t ions  from t h i s  
i n t e rva la red i scon t inuous ,h igh lyva r i ab leinampl i tude ,and ,in  
p l aces ,nonpa ra l l e l .  The b a s a lp a r t  of seismicsequence I V  i s  
represented  by r e f l e c t i o n s  t h a t  are p r e s e n t  i n  wedge-shaped packages 
of d i p p i n g  r e f l e c t i o n s  t h a t  d i v e r g e  away from h o r s t s  on t h e  downthrown 
s i d e s .  Basinwardfrom these  wedges, t here f l ec to r sconve rgewi th  
anddownlapbasementrocks.Stratafromthiszoneappeartorepresent 
a l l w i a l  f a n s  d e p o s i t e d  a d j a c e n t  t o  f a u l t e d  basement h o r s t s  e a r l y  
in  the  fo rma t ion  ofNortonBasin. 
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During t h e  summer of 1985, t h r e e  more exp lo ra to ry  wells were 
d r i l l e d  i n  t h e  Norton B a s i n( f i g .  21). Exxon was t h e  ope ra to rfo r  
a l l  t h r e e  w e l l s .  The Exxon OCS-Y-0398 No. 1 wel l ,l oca t ed  a t  l a t  
63'53'28.76" N . ,  long 164°03'56.16" W., was d r i l l e d  t o  a depthof 
6,913 f e e t  i n  58 f e e t  of water.  The Exxon OCS-Y-0407 No. 1 w e l l ,  
loca ted  a t  l a t  63O47'15.79" N., long 164O25'56.92" W., was d r i l l e d  
t o  a depth of 7,867 f e e t  in 58 f e e t  of water. The Exxon OCS-Y-0425 
No. 1 w e l l ,l o c a t e da t  l a t  63O36'06.11" N.,  long 164°09'33.40" W., 
was d r i l l e d  t o  a depthof 6,093 f e e t  i n  42 f ee to fwa te r .  All of 
these  wells were plugged andabandoned. No d i s c o v e r i e s  were 
announced. The d a t a  from these  th ree  we l l s  a r e  p r o p r i e t a r y .  

LeaseSale 100 is  scheduled to t akeplace  i n  March of 1986 
( f i g .  1). Trac t s  t h a t  werenot leased dur ingSale  57, a s  w e l l  a s  
a d d i t i o n a l  t r a c t s  t o  t h e  w e s t ,  w i l l  be o f f e red .  
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W E L L   

S T U A R T   S U B B A S I N   L A W R E N C E   

COST  N 0 . 2   C O S T   N O R T O N   

S U B B A S I N  S T .  

NO.NORTON I W E L L  

QQ C L A S S I F I C A T I O N  S A N D S T O N E  
( a f t e r  F o l k .  1 9 7 4 )  

I .  Q U A R T Z A R E N I T E  
2 .  S U B A R K O S E  
3 .  S U B L I T H A R E N I T E  
4. ARKOSE 
5. L I T H I CA R K O S E  
6. FELDSPATHICLITHARENITE 
7. L I T H A R E N I T E  

Q - Q U A R T Z  
F - F E L D S P A R S  
L - L I T H I C S  

S S 

V - V O L C A N I C  
M - M E T A M O R P H I C  
S - S E D I M E N T A R Y  

F l G U f f E  22. T e r n a r yd i a g r a m ss h o w i n gt h er a n g e  o f  t h e  principal s a n d s t o n ef r a m e w o r kC o n s t i t u e n t s  
a n dt h em a j o rr o c kt y p e so fl i t h i cf r a g m e n t si ns a n d s t o n e sf r o mc o n v e n t i o n a la n ds i d e w a l l  
c o r es a m p l e sf r o mN o r t o nB a s i nC O S TN o . 1a n dN o . 2w e l l s .( M o d i f i e d  from AGAT COnSUltantS, 
Inc. ,1980, 1982.) 
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Reservo i r  Rocks 

The r e se rvo i r  qua l i t y  o f  a s ands tone  in  any  g iven  bas in  i s  
pr imar i ly  a func t ion  ofprovenance,deposit ionalenvironment,and 
t e c t o n i cs e t t i n g .  These fac torsde terminethesandtexture(gra in  
s ize ,packing ,  and a n g u l a r i t y )  and composi t ion,aswell  as most 
a spec t s  of t h e  b u r i a l  and d iagenet ich is tory(Hayes ,  1984). 
Sandstones in t h e  NortonBasin COST w e l l s  a r e  composed of 
metamorphic d e t r i t u s  s h e d  from u p l i f t e d  h o r s t s  i n  and aroundthe 
b a s i n ,  and from vo lcan ic  and volcanic las t ic  debr i s  shed  f rom the 
v o l c a n i cb e l tt ot h es o u t h  and e a s t  of t hebas in .  Thesesandstones 
c o n t a i n  s i g n i f i c a n t  f r a c t i o n s  of chemically and mechanical lyunstable  
components. As a r e s u l t ,r e s e r v o i rq u a l i t yd i m i n i s h e sr a p i d l yw i t h  
i n c r e a s i n g  b u r i a l  d e p t h  in theNortonBasin. 

The d i s t r i b u t i o n  o f  q u a r t z ,  f e l d s p a r ,  and l i t h i c  g r a i n s  i n  t h e s e  
sands and themajorrocktypes of  thesourceterranesfromwhichthey 
werederivedare shown i n  f i g u r e  22. The major i tyofthesands tones  
a r ee i t h e rl i t h a r e n i t e so rf e l d s p a t h i cl i t h a r e n i t e s .  Most ofthe 
f e l d s p a t h i c  l i t h a r e n i t e s  and thefewl i th icarkosesoccur  i d  l i t h o l o g i c  
zones Tmp, To-1, and To-2 ( f i g s .  13 and 1 4 ) .  Sandstonesbelowthe 
Oligoceneunconformitytendtobelargelyl i thareni tes .  This 
mine ra log ica l  d i f f e rence  is probab ly  due  to  an  inc rease  in  the  
inpu t  of vo lcanic  de t r i tus  conta in ing  abundant  p lag ioc lase  fe ldspars  
and t o  t h e  p r o g r e s s i v e  d i a g e n e s i s  and d i s s o l u t i o n  of t hesefe ldspa r s  
with depth.  

Most of t hep rospec t iverese rvo i rrockseenthusfa rinthe  
NortonBasin i s  in theOligocenesect ionofthe COST No. 2 we l l  
( l i t ho log iczones  To-1, To-2, and To-3; f i g .  1 4 ) .  Thesesandstones 
r ep resen tf luv ia ltosha l low-mar inedepos i t i on .  The r e l a t i v e l y  
highdeposit ionalenergyoftheseenvironments winnowed and 
reworkedthemetamorphicandvolcanicdetri tus and u l t i m a t e l y  
depos i tedsands toneswi thsuf f ic ien tquar tzf rameworkclas t s  t o  
have  r e t a ined  s ign i f i can t  e f f ec t ive  po ros i ty  to  cons ide rab le  bu r i a l  
depths .  These sands tonesareprobablyrepresenta t ive  ofmostof 
thepotent ia lreservoirs ,includingpossiblePaleocene and 
Eocene a l l u v i a l  f a n  d e p o s i t s ,  t h a t  ate l i k e l y  t o  b e  e n c o u n t e r e d  i n  
bothsubbasins .Althoughsignif icantthicknesses  of probable 
deepwaterturb id i t icsands tones  wereencountered in t h e  COST No. 1 
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well ( i n  theS t .  Lawrence subbasin) ,thesesandstonesappear  less 
l i k e l y  t o  r e p r e s e n t  s i g n i f i c a n t  r e s e r v o i r s  b e c a u s e  t h e y  may b e  
r e s t r i c t e d  t o  t h e  c e n t r a l  p a r t s  o f  t h e  s u b b a s i n  a t  b u r i a l  d e p t h s  
where e f f e c t i v e  p o r o s i t y  and  permeabi l i ty  a re  an t ic ipa ted  to  be  
very  low. 

OLIGOCENE SANDSTONES 

P o t e n t i a l  n e t  s a n d s t o n e  i n t e r v a l s  were de terminedforthe  
Oligocenesandstonesection i n  the  S tua r t  subbas in  by  wi re l ine  
well log ana lys i s .  Net sandsweredefined as i n t e r v a l sw i t h  a 
minimum of 30 percentquartzose components and an SP l o g  d e f l e c t i o n  
f romthesha lebase l ineo fa tl eas t  10 m i l l i v o l t s  (mv). An SP 
d e f l e c t i o n  of t h i s  m a g n i t u d e  i n d i c a t e s  t h a t  a t  l e a s t  minimal 
permeabi l i ty  i s  p resen t .E f fec t iveporos i ty  was determinedby 
c a l c u l a t i n g  t h e  volumeofshale i n  thesandstoneandsubtract ing 
t h e  componentof s h a l e  microporosi ty  from t h e  apparent  t o t a l  p o r o s i t y
of thesandstone.  The component of sha le  and mica i n  thesandstones 
was determinedfromthe gamma-ray log  ( technique  from Dresser 
Atlas, 1979)andfromneutron-densitycrossplots(techniquefrom 
Poupoun and o thers ,1970) .Effec t iveporos i t ieswereca lcu la ted  
from acous t i c ,  dens i ty ,  and neutron-densi tylogs and t h e  r e s u l t s  
wereaveraged. 

The r e l a t i v e  volumeof qua r t z  i n  the sand was determinedby 
s u b t r a c t i n g  from t h e  s a n d  t h e  t o t a l  volumeof sha le  ca l cu la t ed  from 
n e u t r o n - d e n s i t ys t a t i s t i c a lc r o s s p l o t s .T h i sa n a l y s i s  assumes t h a t  
qua r t z  i s  themajor frameworkcomponent remaining after t h e  d e l e t i o n  
ofmicroporousgranularandintergranular components de tec ted  as 
shale bytheneutron-densitycrossplots.Althoughquartz i s  t h e  . 
majormechanical lystable  frameworkcomponent, s i g n i f i c a n t  amounts 
of fe ldspar(most lyplag ioc lase)  are a l sop resen t .Th i ss impl i f i ed  
ana lys i s  of  quar tz  conten t ,  whi le  y ie ld ing  a good genera l  estimate, 
a l so  inc ludes  f e ldspa r s  and o ther  mechanica l ly  s tab le  gra ins .  

The sha ley  component de tec ted  by wi re l ine  logs  can  be  d i s t r ibu ted  
i n  t h e  s a n d  a s  i n t e r g r a n u l a r  m a t r i x  ( d i s p e r s e d  s h a l e ) ,  as s h a l e y  l i t h i c  
framework g r a i n s( s t r u c t u r a ls h a l e ) ,  and asshalelaminae.Dispersed 
sha le  probably  has  the  most  adverse  e f fec t  on r e s e r v o i r  q u a l i t y  a t  
depths  where compact ion and deformation of  duct i le  l i thic  grains  are  
nottoosevere .  The s impl i f ieddispersed-sha le  modelofAlgerand 
others(1963)  and T i x i e r  and o the r s  (1968) was employed t o  o b t a i n  a n  
e s t ima teo fth i stype  of sha le .  

The r e s u l t s  o f  t h e  l o g  e v a l u a t i o n  of reservoi r  po ten t ia l  were  
checked against  petrographic  and laboratory measurements  of  reservoir  
parametersobtainedfromcore 3 of t h e  COST No. 2 well. The t h r e e  
o therconvent iona lcores  i n  theOligocenesandsequence(cores 1, 2, 
and 4 )  didnotpenet ra tein te rva lsofpoten t ia lne tsand .Table  1 
summarizes t h e  w i r e l i n e  l o g  a n a l y s i s  of t h e  i n t e r v a l  c u t  b y  c o r e  3 
and t a b l e  2 summarizes the  l abora to ry  and pe t rographicana lys is  of 
thecore .  
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20.5 

13.1 

15.9 

7040 

- -  

Net3  

T a b l e  1. 	 W i r e l i n el o ga n a l y s i s  of t h es a n d s t o n ei n t e r v a lc u tb yc o r e3 ,N o r t o nB a s i n  COST 
No. 2 well .  

E f f e c t i v e  P o r o s i t y  
Q u a r t z  Q Fac to r  

( f e e t )  ( f e e t )  
Densi ty  

( X )  
Average 
( X )  (‘6) ( X )  Crossp lo t  ( X )  ( X )  

7030 3 21.9 41.6 13.5 9 .8  2.1 8.5 
45.8 7033. ~~~ 1.5 19.7 17.8 9 . 9 ~  15.8 

7034.5 3 49.7 23.2 25.9 21.4 13.6 20.3 
7037.5 2.5 33.2 43.4 17.3 10.6 1.6 9.8 
22.1 2 38.1 44.2 5.0 13.4 

7042 2 11.6 26.1 1.7 48.011.7 21.6 
24.1 7044 38.42 43.9 7.8 15.9 

Thickness  (DispersedSonicNeutron-Densi tyDepth Content1 Shale)2 

4.312.1 7046 -3 19.6 37.7 43.6 - 12.0 

19 Gross 13.9 36.620.3 38.2 5.7 13.3 

13.5 7.2 15.4 40.515.0 22.3 36.5 

1) D e t e r m i n e df r o mn e u t r o n - d e n s i t yc r o s s p l o t s .I n c l u d e sf e l d s p a r s( c h i e f l yp l a g i o c l a s e ) .  

2 )  I n d i c a t e s  t h e  amountof po respaceocc luded  by s h a l e  a n d  l i t h i c  d e t r i t u s .  

3) 	 I n d i c a t e s  s a n d s t o n e  w i t h  a q u a r t z  c o n t e n t  g r e a t e r  t h a n  30 p e r c e n t  a n d  e f f e c t i v e  p o r o s i t y  
averagingmorethan 10 pe rcen t .  
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39 

0.65 

H e l i u m   

-- 

Sand  Shale   

T a b l e  2. 	 Pet rographicmodal  analysis of t h i ns e c t i o n sa n d  core a n a l y s i so fc o n v e n t i o n a l  core 3,  
Norton Basin COSTNo. 2 well ( p e t r o g r a p h i ca n a l y s i sf r o m  AGAT, 1982,p. D-281-3). 

A n a l y s i s  P e t r o g r a p h i c  Core Analys is  

Framework G r a i n sI n t e r g r a n u l a r  (Boyle’s Law -P o r o s i t y )  

(%) (%) (%) (%) (%) (%) ( a )  ( m i l l i d a r c i e s )  

7030.7 31 5 4 1  5 8 9 20.5 11 
27 7032.5 14 37 14 5 2 14.4 0.74 

32 7034.3 9 10 376 7 21.0 7.64 

Q u a r t z  L i t h i c s  C l a y s  S i d e r i t e  P o r o s i t y  P o r o s i t yD e p t h  F e l d s p a r  P e r m e a b i l i t y  
( f e e t )  

__7036.5 __ __ -_ __ 543 28.5 
7038.6 28 8 37 10 12 51.27 17.7 
7041.3 33 9 4 1  7 8 2 20.0 7.98 
7044.4 6 2 1  11 5 18  26.3 1 8 3  
7047.5 4 3  -8 22- -10 4 __ 14 __ 21.2 40._-~-

Average .33 9 34 9 7 8 99 21.2 

T a b l e  3. 	 W i r e l i n e  log a n a l y s i so fO l i g o c e n es a n d s t o n e  sequence in t heNor tonBas in  COST 
No. 2 wel l .  

QuartzContentE f f e c t i v eD i s p e r s e d  
Sand of Content  P o r o s i t v  

285 To-1 34-83 57  5-26 15 26 13-36 
.68 To-2 400 44-74 54  2-30 17 10-25 18  

To-3 .83 230 34-70 53 17-44 27 12-21 1 6  
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1 2  percent.Thisassumptioncanbeappliedwith some conf idenceto  
the  sands tones  o f  l i t ho log ic  zone To-3, where co re  3 was c u t ,  b u t  
i s  less c e r t a i n  i n  z o n e s  To-1 and To-2, i n  which no poroussands 
were cut  by convent ional  cores .  

The r e s u l t s  o f  t h e  w i r e l i n e  l o g  a n a l y s i s  o f  t h e  O l i g o c e n e  
sandsequence are shown i n  t a b l e  3. The a n a l y s i si n d i c a t e st h a t  
s i g n i f i c a n t  r e s e r v o i r  p o t e n t i a l  e x i s t s  i n  e a c h  l i t h o l o g i c  zone. 
L i tho log ic  zone To-1 con ta ins  a t o t a l  o f  285 f e e t  o f  s a n d s t o n e  i n  
14  beds  grea te r  than  5 f e e t  t h i ck  ( a s  de f ined  by  minimumSP log
d e f l e c t i o n s  of 10 mv). The average bed thickness i s  about 20 
f e e t ;  t h e  zonecontainsthreebedsfrom45to 50 f e e t  t h i c k .  Of 
these  sands tones ,  i n t e rva l s  w i th  a minimum qua r t z  (and f e l d s p a r )  
conten t  of  30 percent and a minimum e f fec t ive  po ros i ty  o f  10 percent  
were cons ideredpotent ia lreservoi rrockorne tsands tone .  On 
t h i s  b a s i s ,  zone To-1 conta ins  a net t o  g r o s s  s a n d s t o n e  r a t i o  of 
65 percent .  Net sandin terva lsaverage  26 p e r c e n te f f e c t i v ep o r o s i t y  
and rangefrom13to36percent.  

Li thologiczone To-2 containsanaggregatesandthicknessof  
400 f e e ti n1 6b e d sg r e a t e rt h a n  5 f e e tt h i c k .  The averagebed 
th ickness  i s  about 25 f e e t ,  w i t h  onebed of 45andoneof 70 f e e t  
i nt h i c k n e s s .  The n e tt og r o s ss a n dr a t i o  i s  68 percentwi thne t  
i n t e rva l s  ave rag ing  18 p e r c e n t  e f f e c t i v e  p o r o s i t y  and rangingfrom 
10 t o  25percent.  

L i tho log ic  zone To-3 conta ins  230 f e e t  of s ands tone  in  18 beds 
g rea t e rthan  5 f e e tt h i c k .  The averagebedthickness i s  about13  
f e e tw i t h  a maximum thicknessof  30 f e e t .  The ne ttog rosssand  
r a t i o  i n  zone To-3 i s  83percent .  Net in t e rva l sd i sp layanave rage  
e f f e c t i v e  p o r o s i t y  of 16 percent  and rangefrom 12to21 percent . .  

EOCENE OR OLDER SANDSTONES 

I n  b o t h  COST wells, t h e  Eocene o r  o lde r  s ands tones  occur  a t  
depths  where reservoir  qual i ty  has  been severely reduced by the 
compact ionofduct i legra ins .  A t  depthsbe low9,000fee tinthe  
COSTNo. 2 well, v i s u a l  estimates of  e f fec t ive  poros i ty  (mesoporos i ty)  
f rom petrographicanalyses  of convent iona l  cores  are less than 2 
percent  (AGAT, 1982,p. D-281-PI).Measured permeabi l i t iesfrom 
conventional cores from both COST wells do notexceed 10 m i l l i d a r c i e s  
belowabout9,000feet.  The rap idreduct ionofporos i tywi th  
depth i s  shown i n  f i g u r e  24. The lowerr ightenvelope of t h e  
po ros i ty  t r end ,  which r e p r e s e n t s  t h e  maximum p o r o s i t i e s  t h a t  are 
l ike ly  to  be  encountered ,  passes  be low 20 percent  a t  about 8,500 
f e e t .  As i n d i c a t e di nt h ea n a l y s i so fp o r o s i t yv e r s u sp e r m e a b i l i t y  
i n  f i g u r e  23, thisprobablyrepresents  the point  belowwhichreservoir  
q u a l i t y  i s  l i k e l y  t o  b e  p o o r .  

However, t he  bu lge  in  the  po ros i ty  t r end  be low 12 ,700  f ee t ,  
and t h e  anomalouspoint a t  10,900 feet ,  sugges ttha tthe re  
may beexcept ionstoth isporos i ty-deptht rend .  Such o f f s e t s  i n  
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porosi ty-depth t rends are gene ra l ly  a r e su l t  o f  s econdary  po ros i ty  
enhancement.Suchenhancement is t h o u g h tt ob ea t t r i b u t a b l et o  
the  d i s so lu t ion  o f  chemica l ly  uns t ab le  g ra ins  and cements by  organic  
ac ids  genera ted  by  decarboxyla t ion  dur ing  the  thermal  matura t ion  
ofkerogen (Surdam and o thers ,1984) .Al te rna te ly ,thehigher  
apparent  poros i t ies  seen  be low 12 ,700  fee t  may b e  i n  p a r t  due t o  
overpressur ing ,spur iousreadings  fromwashed-outzones in t h e  
borehole ,andposs ib legasef fec ts  frommethanegeneratedfrom 
interbeddedcoal.Coremeasurementsandpetrographicanalyses of 
sandstones from two convent iona lcorescut  in t h i s  i n t e r v a l  a c t u a l l y  
ind ica t ed  ve ry  low p o r o s i t y  andpermeabili ty (AGAT, 1982, 
p. D-281-10, 11 ) .  

The 20-percent-porosity point a t  10 ,900  f ee t  appea r s  t o  
r ep resen t  a 10-foot-thicksandstone w i t h  s i g n i f i c a n t  r e s e r v o i r  
q u a l i t y .  A good d r i l l i n g  b r e a k  was observedthrough the i n t e r v a l  
and thesandstone was descr ibed  on t h e  d r i l l  c u t t i n g s  l o g  as be ing  
"very w e l l  sor ted"wi th"very  good porosi ty ."  The SP logdisp layed  
a d e f l e c t i o n  t h r o u g h  t h e  i n t e r v a l  whichsuggeststhatthesandstone 
i s  permeable .Petrographicanalysesofsidewallcoresfromthis  
sandindica tedfa i ramounts  (6 t o  8 pe rcen t )o fe f f ec t iveporos i ty ,  
much ofwhich was t h e  r e s u l t  of t h e  d i s s o l u t i o n  o f  v o l c a n i c  r o c k  
fragments (AGAT, 1982,p. D-281-SC-5). Measurements on these  
samples  ind ica ted  poros i t ies  of  23  to  25  percent  and  permeabi l i t i es  
of 48 t o  147mi l l idarc ies .I ftheses idewal lcoremeasurements  
are v a l i d ,  as the  pe t rog raph ic  ana lys i s  sugges t s ,  andnotdue t o  
f a b r i c  d i s r u p t i o n  from thecor ingprocess ,thenthere  is f a i r  t o  
good r e se rvo i r  rock  p resen t  a t  a depth  over  2 ,000  fee t  be low tha t  
pred ic tedbythegenera lt rendoff igure  24. I ft h e s e  same cond i t ions  
obta in  e l sewhere  in Norton  Bas in ,  par t icu lar ly  in areas where more 
o fth i sc l eane rsands tone  is p resen t ,t hens ign i f i can t  volumesof 
p rospec t ive  r e se rvo i r  rock  cou ld  be  p re sen t  a t  dep ths  wi th in  o r  in 
c l o s e r  p r o x i m i t y  t o  t h e  o i l  window. 

HYDROCARBON SHOWS 

Traces  of  f ree  oil in t h e  d r i l l i n g  mud were repor ted  in t h e  
COSTNo. 2 well between11,800and 13,000 f e e t .  I n  t h i s  same 
i n t e r v a l ,  a n  i n c r e a s e  in backgroundgasand numerous gaspeaks 
were recorded on theExlogFormationEvaluation Log (mud log)and 
yellow-orangefluorescence"pops" were repor ted  in cut t ings  be tween 
11,820and11,830feet.  I n  theposs ib leturb id i tesequenceofthe  
COSTNo. 1 well, br ight -ye l low to  gold  f luorescence  and f luorescence  
c u t s  were reportedfromabout 5 p e r c e n t  o f  t h e  d r i l l  c u t t i n g s  in 
severalintervalsbetween10,200 and11,200feet.  

Themost i n t e r e s t i n g  show cons is ted  of r e s i d u a l  o i l  s a t u r a t i o n s  
of 1 4  t o  18 percent  in convent iona lcore  9 (12 ,212to12,241.5fee t )  
fromthe COSTNo. 2 we l l .  This coresampledthevolcanic las t ic  
conglomerateandsandstonesequenceofli thologiczone Te. Two 
d r i l l i n g  b r e a k s  and gaspeaksanorder  ofmagnitude largerthanpeaks 
e l sewhere  in  the  well were recordedbetween12,180and12,290feet. 
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These ind ica t ionso f  good poros i ty  and permeabili tywerenot 
corroboratedbythecoreanalysis ,whichmeasuredpermeabi l i t ies  
of less than  0.1 m i l l i d a r c y  and p o r o s i t i e s  of only 7 to12percent .  
However, t hewi re l inelogssugges ttha tthecore  may havesampled 
a n  i n t e r v a l  of less prospect iverockbetweentheintervalswhere 
t h e  d r i l l i n g  b r e a k s  o c c u r r e d .  

These two prospectivezoneswereevaluatedbywellloganalysis.  
Each o f  t he  in t e rva l s  d i sp l ays  an  annu lus  invas ion  p ro f i l e  on the  
DualInduction Log.The annulusef fec t  is  detec tedby a higher  
r e s i s t i v i t y  r e a d i n g  on thedeepinduct ioncurvethan on t h e  medium 
induct ion  curve ,  which is s i g n i f i c a n t  because i t  genera l lydenotes  
hydrocarbonzones (Asquith,1982,p.  4 ) .  

A Hinglecrossplot(Hingle ,1959)  was constructedoverthe 
in t e rva lcon ta in ingthese  two prospec t ivezones( f ig .25) .Thistype  
o f  c r o s s p ~ o t  is use fu l  fo r  de t e rmin ing  the  wa te r  s a tu ra t ion  of a 
r e s e r v o i r  (SW) where thefo rma t ionwa te rr e s i s t i v i ty  (RW) i s  unknown. 
An RW of 0.045ohm-metersand a sandstone matrix densi ty  of  about  
2.72 t o  2.73grams percubiccentimeterweredeterminedfromtheplot.  
The sands tone  mat r ix  dens i ty  obta ined  from the  p lo t  ag rees  we l l  w i th  
s e v e r a l  g r a i n  d e n s i t y  v a l u e s  o f  2.71 t o  2.72gramspercubiccentimeter 
obtainedfromananalysisofcore 9 from t h ei n t e r v a l .  The c l o s e  
correspondenceobtainedfromthese two d ispara tetechniquesprovides  a 
pos i t ive  check  on t h e  v a l i d i t y  o f  t h e  d a t a  from t h e  c r o s s p l o t .  

Water s a tu ra t ionso fl e s sthan40percen t  (60 p e r c e n t  o i l  
s a t u r a t i o n )  a r e  i n d i c a t e d  by the  Hing le  p lo t  fo r  t he  uppe r  pa r t s  o f  
theprospect ivezones.  The lowes twatersa tura t ions  on t h ep l o t  
(thosebetween 15 and25percent)areprobablynotvalid,however,  
becausethesevaluesweredetermined from a badlywashed-outinterval 
in theborehole(which may a l s or e p r e s e n t  a c o a l yi n t e r v a l ) .  The 
p o r o s i t i e s  in t h e  washed-out i n t e r v a l  weredeterminedfromthe 
Borehole Compensated Sonic Log,which is l e s s  a f f e c t e d  bybadhole 
cond i t ions  than  the  dens i ty  log ,  bu t  neve r the l e s s  p robab ly  cou ld  
notcompensateforthegreaterthan20-inchhole  s i z e  of thecaved 
i n t e r v a l .  

Pe rmeab i l i t i e s  in theprospect ivezones were es t imated  by 
p lo t t i ng  po ros i ty  ve r sus  wa te r  s a tu ra t ion  on theSchlumbergerchart 
(1972a) shown in f i g u r e  26. The permeabi l i tyva luesplo tapproximate ly  
p a r a l l e l  t o  t h e  h y p e r b o l i c ,  bulk-volumewaterlines,whichindicates 
t h a t  t h e  r e s e r v o i r  i n t e r v a l s  are a t  i r r e d u c i b l e  water s a t u r a t i o n .  
I r r e d u c i b l e  water s a t u r a t i o n ,  a condi t ion  in which a l l  water is 
adsorbed on g r a i n s  or held by c a p i l l a r y  p r e s s u r e ,  is necessary  for  
ob ta in ing  va l id  pe rmeab i l i t y  va lues  from the chart  (Schlumberger ,  
1972a).  A few of thechar t -der ivedpermeabi l i tyva luesforgas  
approximatethepermeabilitiesmeasuredfromcoresobtained a t  
cor respondingdepths(upperle f tpo in ts ,f ig .26) .  However, the  
p o i n t s  p l o t t i n g  t o  t h e  r i g h t  o f  t h e  5 - m i l l i d a r c y  g a s  and 50-
m i l l i d a r c y  o i l  p e r m e a b i l i t y  l i n e  a r e  a washed-outzone,andthese 
h ighpermeabi l i tyva luesareprobablynotva l id .  The s i n g l ec o r e  
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FlGURE 25. Watersaturationdeterminations ofa suspectedoilzoneat 
12,133to12.300feet.NortonBasin COST No.2well.Hingle(1959) 
crossplotofdeepinductionresistivity (RILD) versus density porosity 

(chartafterHelander,1983,fig.9-25;cementationexponentm=2.0). 
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PERMEABILITY:SANDSTONES,SHALYSANDS 

* 

F I G U R E 2 6 .  C h a r to fp o r o s i t y  ($) v e r s u si r r e d u c i b l ew a t e rs a t u r a t i o n  
( s w i )f o re s t i m a t i n gp e r m e a b i l i t ya n dd e t e r m i n i n gb u l kv o l u m e  
w a t e r( c = s w  x 8 )  f o rN o r t o nB a s i nC O S TN o .  2 w e l l( d e p t h s  
1 2 , 1 8 2t o1 2 . 2 1 8f e e t ) . N u m b e r si np a r e n t h e s e sa d j a c e n tt op l o t t e d  
p o i n t si n d i c a t em e a s u r e dp e r m e a b i l i t y( f o rg a s )f r o mc o n v e n t i o n a l  
c o r e s( c h a r ta f t e rS c h l u m b e r g e r , l 9 7 2 a ) .  
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permeabi l i ty  f romthiszone was much smaller (0.02 mi l l i da rcy )  
thanthecha r tva lue(g rea t e rthan  400 mil l ida rc i e s ) .Neve r the l e s s ,  
the remaining values  on the  char t  appear  to  be  reasonably  accura te  
and sugges t  pe rmeab i l i t i e s  ( fo r  oil) a s  h i g h  a s  40 m i l l i d a r c i e s .  
I f  t h i s  a n a l y s i s  is v a l i d ,  i t  no ton lyind ica t e s  a s i g n i f i c a n t  show 
of l i qu id  hydroca rbons ,  bu t  a l so  documents the occurrence of f a i r  
q u a l i t y  r e s e r v o i r  r o c k  a t  depthswherefigure 24 p r e d i c t s  t h e  
occurrence of on ly  very  poor  reservoi rs .  
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Organic Geochemistry 

SURFACE HYDROCARBONS AND INITIAL EXPLORATION 

Traces  of  hydrocarbons have been reported in  the vicini ty  of 
Norton Sound s incethetu rn  of t hecen tu ry( f ig .27 ) .  Two t e s t  
we l l s  were d r i l l e d  i n  1906 i n  t h e  c o a s t a l  p l a i n  e a s t  o f  Nome a t  
HastingsCreek,and two more were d r i l l e d  i n  1908. They werereported 
tohavebeendr i l led  on an o i l  s e e p .  One o ft h ee a r l i e rh o l e s  
encounteredgas a t  122 f e e t  which near ly  b lew the  d r i l l  s temout 
of t heboreho le ,  and t h eo t h e r  produced a t r a c e  o f  o i l .  None of t h e s e  
we l l s  were d r i l l e d  much deeperthan 200 f e e t .  The gasencountered was 
be l i eved  to  havebeenmarshgas. 

O i l  seepshave beenreportedintheSinukValleynearthe 
junc t ion  of theSinuk and StewartRivers,about 20 milesnorthwest  

of Nome, and nearthe  mouth of t h e  I n g l u t a l i k  R i v e r ,  which d r a i n s  

i n t o  Norton Bay. Severalexploratorywellsaresaidtohavebeen 

d r i l l e d  i n  t h e  S i n u k  V a l l e y ,  b u t  t h e r e  i s  no record of t h e  r e s u l t s .  

Mil l e r  and others(1959)  state t h a t  o i l  s h a l e  h a s  b e e n  r e p o r t e d  t o  

occur on BesboroIsland,northwest of Unalak lee t  in  Nor ton  Sound. 

These ear ly  repor t s  remain  la rge ly  unconf i rmed.  


I n  1976, a submarineseepofnaturalgas was repor ted  
approximately 24 mi les  south  of Nome by Cline and Holmes (1977). 
They descr ibed a plume of C2 t o  C 4  a lkane-r ich wateradvect ing 
n o r t h  from a pointsource on t hesea f loo r .  This plume reachedthe 
c o a s t  a s  f a r  e a s t  as Cape Nome, bu t  gene ra l ly  sp read  westward p a s t  
S l e d g e  I s l a n d  t o  a t  l e a s t  168' W longi tude( f ig .27) .  

Clineand Holmes (1977)suggestedthatthesegaseswereof 
thermogenicorigin on t h e  b a s i s  of t he  h igh ly  loca l i zed  na tu re  o f  t he  
hydrocarbon source ,  the  re la t ive ly  lowethane-to-propane r a t i o  
(C2/C3), theproximi tytounconformable ,t runca teds t ra tatha td ip  
basinwardfromtheseeplocus,andthepresence of se i smica l lyde f ined  
acoust icanomalies  and numerous s t eep lyd ipp ingfau l t sintheimmedia t e  
v i c i n i t y .  Subsequentanalysesofseafloorsedimentsrecovered from 
v i b r a c o r e s  i n  t h e  v i c i n i t y  of theseepplaced i t s  loca t ionabout  30 
milessouthof Nome (Kvenvolden and others,1979;Kvenvolden and 
Claypool,1980).KvenvoldenandClaypool(1980)concludedthatthe 
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hydrocarbon compounds present  wereprobablythermogenicbased upon 
the followingevidence: 

1) 	 The r a t i oo f  Cl/(C2+C3) is l e s st h a n  20 a t  sedimentdepths 
g rea t e rthan  50 cent imeters .  

2) 	 613C PD f o r  onemethanesample i s  about -36 p a r t sp e r  
thousan3(seeBernardandothers(1977)forinterpretat ive 
geochemical model). 

3) 	 About50 gasoline-rangehydrocarbon compounds (C5 t o  C8) 
were p o s i t i v e l y  o r  t e n t a t i v e l yi d e n t i f i e d  and t h r e e  of f i v e  
sampleshave C7 compositionsthatresembletheimmature, 
nonmarineKenaicondensate. The o ther  two samplesyielded 
C 7  compositionsthatresembleboth immaturenonmarine 
condensate andbiodegraded oil from theGulfofMexico. 

The hydrocarbon componentscomprisedonly 0.1percentofthe above 
methanesample. theremainderconsis ted of about 98 percent carbon 
d ioxide  wi th  6i3C PDB e q u a l  t o  -2.7 par tsperthousand(per  mil). 
Kvenvolden and Claypool(1980)suggestthatthe C02 may havebeen 
producedby the  deca rbon iza t ion  of carbonate  in basementrocksby 
hea t  or f l u i d s ,  and t h a t  t h e  C02 ac t edasanex t r ac t ionagen tas  it 
migratedthroughthesedimentary columnand transportedhydrocarbons 
tothesu r face .  

SURFACEEXPOSURES OF POTENTIAL SOURCE ROCK 

Samplesof po ten t i a l  sou rce  rock  fromexposedsediments 
surroundingNorton Sound havebeencol lectedbythe USGS (F i she r ,  
1982)andtheMinerals Management Service and AlaskaDepartment of  
NaturalResources(Lyleandothers,1982). 

F ive  Pa leozo ic  to  MesozoicagesamplesfromSt.LawrenceIsland 
(Fisher ,1982)yieldedthermalal terat ionindices(TAI)rangingfrom 
1.6 t o  3 .6 ,whichcanbeinterpretedas a maturationrangeofimmature 
tove rymatu re(Bay l i s s  andSmith,1980).Fisher(1982)suggeststhat 
l oca l  hea t ing  by  igneous a c t i v i t y  may have produced a complex thermal 
h i s t o r yf o rt h e s e  rocks.  Only two sha le s  conta in ing  woody-herbaceous 
kerogenweresampledandtheycontainedabout 2 percentorganiccarbon 
andyielded no more than 708 p a r t s  p e r  m i l l i o n  (ppm) t o t a l  C15+ 
extractablebi tumen,probably from coal macerals.  Two thermal ly  
immaturelimestonesamplescontainedlessthan 0.3 percentorganic  
carbon and a s ingle  mature  dolomite  sample contained 0.4 percent  
organiccarbon and439 ppm C15+ t o t a l  e x t r a c t .  

ThreeofthefourTertiarysamples from S t .  Lawrence I s l a n d  
con ta inedcoa lwi thto t a lo rgan icca rboncon ten t s  (TOC) a sh ighas  
82percent(Fisher ,1982) .  The maximum amount of CIS+ bitumen from 
thesesamples,  489 ppm, c o n s t i t u t e s  a pooranomaly (Bayl issand 
Smith,1980). A calcareoussandstonesample was immatureand 
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containedonly 0.4 percentto ta lorganiccarbon.  The T e r t i a r yc o a l  
samples tended to be moderately mature,  with a mean v i t r i n i t e  
r e f l e c t a n c e  (R,) ofabout0.6percentand TAI  va lues  no g r e a t e r  
than  2. 

The l imitedpubl icinformationfromSt.  Lawrence I s l a n d  i n d i c a t e s  
t h a t  t h e  o r g a n i c  material is composed predominantlyofhumic,gas
prone kerogen character ized by lowamountsoforganiccarbonexcept 
where coa l  is present .  The thermalmatur i ty  i s  variable ,depending,  
a t  least t o  some e x t e n t  in t he  o lde r  rocks ,  upon theproximityof  
igneous  ac t iv i ty .  

o -samples of probable Tertiary age from the Seward Peninsula/~~~in t h e  v i c i n i t yof the Sinuk River were analyzed by USGS ( F i s h e r ,  
1982). One was a sandstonewith a TOC of  0.37 percent  and an Ro 
of0.86percent ,theother  a coalsamplewith 29 percent  TOC andan 
% of0.92percent. The o rgan icma te r i a l  in thesesamplescanbe 
c l a s s i f i e d  as mature humic kerogen,  possibly capable  of genera t ing  
gas .  

The USGS sampled a Paleozoicl imestone a t  Cape Denbigh t h a t  
contained 1.36 percent  TOC andproduced 105 ppm C15+ t o t a l  e x t r a c t .  
It containedcoaly material wi than  Ro of1.86percent.Several  
OligocenecoalsamplesfromnearUnalakleetyielded Ro va lues  of  
about0.3percent(Fisher,1982).Thesecoalsappeartoberather 
i n s i g n i f i c a n t  in t o t a l  volumeand are so poorlyexposedthatthey 
are o f t e n  d i f f i c u l t  t o  l o c a t e  in t h e  f i e l d .  

Considerably more samplinghasbeenperformed on t h e  east c o a s t  
ofNorton Sound, p a r t i c u l a r l y  fromsequencesof l a te  Earlyandearly 
Late Cretaceousrocks(Patton,1973)which are exposed in t h e  
v i c i n i t y  of Unalakleet.  Woody andherbaceousgas-pronekerogenand 
small amounts of c o a l  a r ep resen t  in t h e  clastic sediments. The 
USGS analyses  (F i she r ,  1982)produced to t a l  o rgan ic  ca rbon  va lues  
from0.31 t o  1.87 percent,excludingcoalandcoalyshale.  MMS 
ana lyses  fo r  TOC from similar samples in the  same area rangefrom 
0.05 t o  7.88 p e r c e n t ,  w i t h  c o a l y  i n e r t i n i t e  p r e s e n t  in a fewsamples 
(Lyle and others,1982;unpublished MMS d a t a ) .  Almost a l l  samples 
c o l l e c t e d  from t h i s  r e g i o n  c o n t a i n  less than 1.0 percent  TOC and 
mosthave less than  0.5 percentorganiccarbon.Samplesprocessed 
for  soxhle t  ex t rac t ion  produced  less than300 ppm t o t a l  extract 
when c o a l  was present .  The USGS evalua tedthe  thermal matur i tyof  
theoutcropsamplesfromthe east coastofNorton Sound us ing  both  
Ro and TAI  va lues  and a l so  eva lua ted  a fewsamplesby Rock-Eva1 
pyro lys i s .Minera ls  Management Servicesamplesfromthe same a r e a  
were evaluatedusing TAI .  Samplesrangedfromimmature t os e v e r e l y  
a l t e r e d  on t h e  b a s i s  of TAI  v a l u e s ,  b u t  mostcouldbeconsidered 
capableofproducingei ther  "wet" or"dry"hydrocarbongasdepending 
upon thekerogentype.  However, Fisher(1982)noted a discrepancy 
between Ro va lues  and TAI v a l u e s  f o r  some samples  col lected along 
t h ee a s tc o a s t  ofNorton Sound.Most of t h e  USGS valuesranged 
from about 2 t o  3 percent  (very  mature  to  severe ly  a l te red  kerogen) ,  

94 




i n  c o n t r a s t  w i t h  TAI  va lues  ofapproximately 2 t o  3 (moderately 
maturetomaturekerogen).  The USGS checkedsevenof the i rsamples  
by Rock-Eva1 pyro lys i s  and t h e  r e s u l t s  comparedmost favorablywi th  
t h e  Ro da ta .  The t empera tu rea t  which maximum pyrolytichydrocarbon 
genera t ionoccurs ,  T2-max 'C, rangedfrom475 t o  530 "C. I ft hese  
h i g h e r  v a l u e s  a r e  c o r r e c t ,  i t  i s  l i k e l y  t h a t  o n l y  d r y  gascould 
surv iveintheserocks .  

During1959and1960, a t e s t  w e l l  was d r i l l e d  b y  Benedum and 
A s s o c i a t e s  i n  t h e  Yukon-Koyukuk c l a s t i c s  a t  Nulato,about 80 mi les  

e a s t  of Norton Bay on t h e  Yukon River.  The sedimentaryrocks of 

thisprovinceweredescribedbyPatton(1973)aspredominately 

graywackeandmudstone. The visualkerogen and maturat ionanalyses  

of t h e  wel lsampleslaterconducted byMobil ExplorationandProducing 

S e r v i c e s ,  I n c . ,  a r e  a v a i l a b l e  fromtheAlaska O i l  andGas Conservation 

Commission. All w e l l  c u t t i n g s  t o  a depth of 11,700 fee t  be low the  

ke l ly  bush ing  ( e l e v a t i o n  865 f e e t )  contained l a r g e l y  " c e l l u l o s i c "  

gas-pronekerogen.Nearly a l l  v i t r i n i t e  r e f l e c t a n c e  measurements 

a r e  i n  e x c e s s  o f  3 percent  and theorganicmater ia l  i s  considered 

tobeovermature.  No o i l  or gas  was repor ted .  


Clas t i c  rocks  of t h e  Yukon-Koyukuk provinceareexposedeast  of 
Norton Sound. Seismicstudieshavenotresolvedtherelat ionshipof  
these  deformedrocks t o  t h e  metamorphic"basement"complexof e i t h e r  
of t h e  NortonBasin COST wells.Cretaceous and Tert iarysediments  
whichcropout on the  coas t  may actuallyhavebeenexposedtohigher 
temperaturesthanequivalentrocks i n  t h e  NortonBasin COST wells. 
The l o c a t i o n  and apparentshapeofthe Yukon-Koyukuk p rov ince ,  a s  
wel lasthet rend(220degrees)  and plunge(16degrees) of f o l d s  
i n  t h e  v i c i n i t y  of Unalakleet(unpublished MMS da ta ) ,  sugges t  t ha t  
s u b s t a n t i a l  amountsof Yukon-Koyukuk sediments are notpresent  
beneathNortonSound,exceptperhapsintheextremesoutheast 
corner.Moreover,theapparentlack of o rgan icma te r i a l  and t h e  
h i g h  l e v e l  of thermal  matur i ty  on t h e  marginof t h e  sound make these  
sedimentsanunl ikelysourceofoi lfortheNortonBasin.  

OFFSHORE STRATIGRAPHICTEST WELLS 

I n  1980,the f i r s t  NortonBasin COST well was d r i l l e d  i n  t h e  S t .  
Lawrence subbasin.  This was followed i n  1982by a second COST we l l  
i n  theStuar tsubbas in .Thesedeeps t ra t igraphictes t sprovided  
t h e  f i r s t  o p p o r t u n i t y  f o r  a detai ledexaminat ionofthesubsurface 
geology of Norton Sound and f o r  a reasonableassessmentofthe 
petroleumpotent ia l  of t hebas in .  The loca t ionsofthese  wells a r e  
ind ica t ed  on f i g u r e  27 .  

COST No. 1 Wel l ,S t .  LawrenceSubbasin 

I n  t h e  COST No. 1 w e l l  i n  t h e  S t .  Lawrence subbasin,geochemical 
ana lyses  wereperformedbyCoreLaboratories,Inc.,andby Geochem 
Labora tor ies ,Inc .  From t h ef i r s t  sample (240 f ee t )toabou t12 ,000  
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fee t  be low the  ke l ly  bushing  (e leva t ion  98 f e e t ) ,  t h e  t o t a l  o r g a n i c  
carboncontent  (TOC) generallyrangedbetweenabout0.5and 2 .0  
percent( f ig .28) .  TOC va lues  in excessof 2.0 percentoccurmost 
f requent ly  below 9,000 feet  and are genera l ly  assoc ia ted  wi th  the  
occurrence of coa l .  The kerogen i s  composed mostlyofgas-prone 
woody, coaly,andherbaceous materials. Examinations of theo rgan ic  
mater ia l  by petrographic  microscope in r e f l e c t e d  l i g h t  i n d i c a t e  
t h a t  a t  least 50 percent  of thekerogen in mostsamplesbelongs t o  
t h ev i t r i n i t eg r o u p( f i g .2 8 ) .  The hydrogenindex (S2/TOC) from 
pyrolysis  does not  exceed 300 milligramshydrocarbonper gram TOC 
and i s  gene ra l ly  less than100milligramsper gram. haces  of 
c o a l  are general lypresentinsamplesproducingthehigherhydrogen 
i n d i c e si n  f i g u r e  29. Between 12,000and13,000feet ,there  i s  an 
i n c r e a s e  i n  t h e  c o a l  c o n t e n t  of thesamplesand a corresponding 
i n c r e a s e  i n  TOC and t h e  p r o p o r t i o n  o f  i n e r t i n i t e  ( u p  t o  80 percent ) .  
A t  13,000feet,thehydrogenindexdropssharply,presumably in 
r e sponsetothe  lowhydrogencontentoftheiner t ini te .  From 13,000 
f e e t  t o  14 ,683  f e e t  (T.D.), t h e  TOC i s  less than1.0 percent and most 
TOC va lues  in t h e  i n t e r v a l  are less than 0.5 percent .  V i t r i n i t e  and 
i n e r t i n i t e  compose a t  l e a s t  90percentofthekerogenandthehydrogen 
index is  neg l ig ib l e( f ig .28 ) .  Metamorphic p h y l l i t e  and s c h i s ta r e  
present  in  samples  f rom depths  grea te r  than  approximate ly  14 ,500  fee t .  

The con tac t  between theprobable  Eocene and t h e  poss ib l e  
Paleocene occurs  a t  about 12 ,200fee t  in t h e  COST No. 1 well. As 
shown i n  f i g u r e  30, t h i s  d e p t h  a l s o  c o r r e s p o n d s  t o  a n  a b r u p t ,  
d i scont inuous  increase  in t h e  Ro p r o f i l e  (random mean v i t r i n i t e  
r e f l ec t anceve r susdep th ) .  The i n c r e a s ei nt h ea g e  of therocks ,  
thesuddenappearanceofcoal ,thechangeinthecomposi t ionofthe 
kerogen,andthe marked d i s c o n t i n u i t y  i n  t h e  Ro p r o f i l e  ( f i g .  30) 
combine t o  s u g g e s t  t h e  e x i s t e n c e  of a s igni f icant  unconformi ty  a t .  
t h i s  d e p t h .  

There  appears  to  be  fa i r  agreement  among t h e  s e v e r a l  i n d i c a t o r s  
of t he rma lma tu r i tyinthe  well. On t h e  b a s i s  o f  t h e  c r i t e r i a  of 
T i s s o t  and Welte (1984)and Hunt (1979) ,  t he  cu r ren t  o i l  gene ra t ive  
zone i n  t h e  COST No. 1 well extendsfromapproximately9,500feetto  
12 ,500fee t .  The random mean v i t r i n i t e  r e f l e c t a n c e  v a r i e s  fromabout 
0.6 t o  1.3or 1.4 percentand Tz-max "C from Rock-Eva1 pyro lys i s  
rangesbetweenabout 435and460 'C ( f i g .30 ) .  Below 12 ,600fee t ,  
however, t h e r e  i s  no senseofaccord among t h e  v a r i o u s  i n d i c a t o r s  
ofthermalmaturi ty .  Random mean v i t r i n i t e  r e f l e c t a n c e  v a l u e s ,  in 
p a r t i c u l a r ,t e n dt ob eh i g h  and e r r a t i c .  It i s  p robab letha t  
sediments are approachingmetagenicgradeby13,500feet(anof 
approximately 2.0 percentaccord ingtoTisso t  and Welte, 1984).  

I n  t h e  COST No. 1 well, the  ind ica tors  of  matur i ty  based  on 
kerogen analysis  do not  agree  per fec t ly  wi th  those  based  on heavy
orl igh t -hydrocarbonanalys is .  Radke and others(1980)observed 
t h a t  i n  c o a l s ,  t h e  odd-evenpredominanceofn-alkanesfrom C15+ 
e x t r a c t s ,  as expressedbythecarbonpreferenceindex ( C P I ) ,  e x h i b i t s  
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a g rad ien t  change  be tween  v i t r in i t e  r e f l ec t ances  of 0.9 and 1.0 
pe rcen t .The i rda taac tua l ly  become asympto t i ca t  a v i t r i n i t e  
r e f l e c t a n c es l i g h t l y  above1.0percent. The peakof o i lg e n e r a t i o n  
f o r  a type 111, humic kerogenshouldoccura taboutth is  Ro l e v e l  
(T i s so t  andWelte,1984). A s  shown i nf i g u r e  30, the  C P I  i s  becoming 
asymptot icatabout9,500feet ,whichcorrespondstoan Q of roughly 
0.6 percent .  The r a t i o  of C15+ ex t rac tab lehydrocarbonsto  TOC 
b e g i n s  t o  i n c r e a s e  a t  a depth ofaround9,000feet and thewetness 
of theheadspacegasbeginstoincreaseataround 8,000 f e e t .T h i s  
sugges tstha tthesehydrocarbons  may havemigra ted ,a tleas t  from 
the  coa l s  w i th in  the  ca t agene t i c  zone ,  i f  no t  from some more d i s t a n t  
source.  

B r i e f l y ,t h e  COST No. 1 well i n  t h e  S t .  Lawrence subbasin 
pene t ra ted  a s ed imen ta ry  sec t ion  tha t  i s  dominatedbyhumic,type 111, 
gas-pronekerogens. The to ta lorganiccarboncontent  i s  gene ra l ly  
low. A t  dep thsg rea t e rthan13 ,000fee tthe re  i s  no i n d i c a t i o n  
t h a t  s u f f i c i e n t  hydrogenand r eac t ive  ca rbon  have  been  ava i l ab le  to  
g e n e r a t es i g n i f i c a n t  q u a n t i t i e s  o f  hydrocarbons. The c u r r e n t  o i l  
window occurs between approximately 9,500 and 12,500 f e e t ,  
encompassinganOligocenetopossiblePaleocenestrat igraphicsect ion.  
Biogenicmethaneappearstobepresentabove 6,000 f e e t  and t r a c e s  
ofthermogenichydrocarbonsarepresentatdepth,but  no s i g n i f i c a n t  
o i l  shows wereencoun te redinth i sdeeps t r a t ig raph ict e s twe l l .  

COST No. 2 Well,StuartSubbasin 

Analyseswereperformed on samplesfromthe COST No. 2 wel l  by 
RobertsonResearch (U.S.), Inc.  As  i nt h es e c t i o n  on t h e  COST No. 1 
w e l l ,  a l l  d e p t h s  r e f e r r e d  t o  i n  t h i s  c h a p t e r  weremeasuredfrom t h e  
ke l lybushing(e leva t ion105fee t ) .  

Organiccarbon is generallyabundantthroughout mostof t h e  
sed imen ta ry  sec t ion  pene t r a t ed  by  th i s  w e l l ,  e s p e c i a l l y  i n  t h e  c o a l -
b e a r i n g  i n t e r v a l s  from3,500 t o  4 ,600  f ee t ,  6 ,400  to  8 ,600  f ee t ,  and 
12,200 t o  14,000 f e e t  ( f i g .  3 1 ) .  

The kerogenrecoveredthroughoutthe well i s  composed 
predominantlyofhumic,type 111, gas-pronemaceralsprobablyderived 

from t e r r e s t r i a lsou rces( f ig .32 ) .Examina t ionofth i ske rogenin  

r e f l ec t ed  l i gh t  w i th  the  pe t rog raph ic  mic roscope  r evea led  a zone 

between 9,500 and 12,000 f e e t  t h a t  c o n t a i n e d  r e l a t i v e l y  h i g h e r  

percentages ofamorphous o rgan icma te r i a l( f ig .31 ) .  However, t h e  

hydrogenindexfrom Rock-Eva1 pyro lys i sdoesnotcor respondtothe  

pe t rog raph icana lys i sfo rth i sin t e rva l .E lemen ta lana lys i so fthe  

kerogentendstosupport  the pyro lys i sda ta(Turner  and o t h e r s ,  1983b). 


There a reseve ra lposs ib l eexp lana t ionsfo rtheh ighe r  
pe t rographices t imatesof  amorphous o rgan icma te r i a l .  Amorphous 
kerogen i s  gene ra l ly  assumed t o  b e  composed of  sapropel ic ,  
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hydrogen-richorganicmaterial(Hunt,  1979). Such kerogenshould 
havehydrogenindicesgreaterthan 100 milligramsper gram(mg/g) 
provided i t  hasnotbeenexposed t o  h i g h  t e m p e r a t u r e s  f o r  any 
s i g n i f i c a n t  p e r i o d  of time. Humic ma te r i a l  can  b e  a l t e r e d  mechanically 
o rchemica l lytothe  po in t  t h a t  i t  may resemble amorphous kerogen. 
Dow (1982) s u g g e s t s  t h a t  a t  least p a r t  of t h e  "amorphous" f r a c t i o n  
ofthekerogenfromthe well is ac tua l ly  deg raded ,  o r  f i ne ly  d iv ided ,  

v i t r in i t e  o r  l ow-y ie ld ,  ox id i zed  amorphous material withverylow 

o i l -gene ra t ingcapab i l i t y .T i s so t  and Welte (1984) p o i n to u tt h a t  

amorphous f a c i e s  c a n  r e s u l t  f rom seve re  a l t e r a t ion  o f  t he  o r ig ina l  

c o n s t i t u e n t s ,  whichthenlosethe i rident i ty .F loccula ted  humic 

ac ids  de r ived  from t h e  c o l l o i d a l  state havean amorphous appearance 

underthemicroscope. The e lementa l  ana lys i s  of such material 

would f a l l  a l o n g  t h e  t y p e  111 evo lu t ion  pa th ,  bu t  i ts  appearance 

underthemicroscopecouldlead i t  t o  b e  c l a s s i f i e d  as sap rope l i c  

mate r i a lwi th  good oil p o t e n t i a l .F i n a l l y ,t h et r a n s f o r m a t i o nr a t i o ,  

Sl/(Sl+S2) (T i s so t  and Welte, 1984). which i n d i c a t e s  t h e  e x t e n tt o  

which the f u l l  g e n e t i c  po ten t i a l  o f  the  or ig ina l  kerogen  has been 

r ea l i zed ,p rov idesanadd i t iona lpa r t i a lexp lana t ionfo rthereduced  

hydrogenindices(f ig .  31). A t  around 10,000 f e e t ,  some ofthe 

availablehydrogen is beginningtooccur  in t h e  formof l i g h t ,  

v o l a t i l eh y d r o c a r b o n sa st h ec a t a g e n e t i c  zone is approached. Rock-Eva1 

pyro lys i s  de t ec t s  t h i s  hydrogen  a s  S1 r a the r  t han  as S2, fromwhich 

thehydrogenindex is c a l c u l a t e d  (H.I. = S2/TOC). It seems reasonable  

t oconc lude ,the re fo re ,tha ttheo rgan icma te r i a lana lyzedf romth i s  

well i s  nea r ly  a l l  type I11 humickerogenandcoal,ratherthan 

amorphous, s ap rope l i c  material. 

From 12,000 t o  a b o u t  14,000 f e e t ,  v i t r i n i t e  g r o u p  m a c e r a l s  
become thedominantkerogentype and thehydrogenindex is low ( l e s s  
than 100 mg/g). TOC v a l u e s  in t h i s  i n t e r v a l  are erratic, andrange 
as h i g h  a s  55 percentwherecoal is present  in a sample( f ig .  31). 
From 14,400 t o  14,889 f e e t  (T.D.),metamorphic l i t h o l o g i e s  s u c h  as 
s c h i s t  andmarble are present  in thesamples.  The organiccarbon 
ofthemetasediments is very  low. The g e n e t i cp o t e n t i a l ,t h a t  is 
t h e  amount of  hydrocarbons  tha t  can  be  genera ted  dur ing  bur ia l ,  is 
a l s o  v e r y  low. 

The i n d i c a t o r s  of t he rma l  ma tu r i ty  ( f ig .  33) are i n  b e t t e r  
agreementwithoneanother in t h e  COST No. 2 well than in t h e  
No. 1 well; never the less ,thereremainincons is tenc iestha trequi re  
explana t ion .Becauseofthela rgeamountsofv i t r in i te  in t h e  No. 2 
well, R,, v a l u e so u g h tt ob ev e r yr e l i a b l e .  They sugges ttha tthe  
onse t  o f  o i l  gene ra t ion  fo r  t ype  111 kerogenshouldoccur a t  about 
10,700 f e e t  and t h a t  t h e  o i l  window extends  to  perhaps  14,000 f e e t .  
The othermeasures of thermalmaturi tyimplythatthethresholdfor  
o i l  genera t ion  may b e  n e a r e r  t o  10,000 f e e t  ( f i g .  33). When Ro 
valuesexceed 2.0 percent ,  d ry  gas  becomes t h e  most l ike ly  hydrocarbon 
product(Hunt, 1979; T i s s o t  and Welte, 1984). The p r o f i l ep r o j e c t s  
t o  2.0 percen ta tabou t  15,300 f e e t .  It hasnotbeenprec ise ly  
determinedto what depthsdrygascansurvive,butthemetamorphic 
basement a t  approximately 14,500 f e e t  i n  t h i s  well c l e a r l y  sets a 
limit a t  t h i s  l o c a t i o n .  
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The Ro gradientbetween 8,000 and 12,100 feet  appears  to  be 
shallow.anomalously That i s ,  theva lues  do notincreasewi th  

d e p t h  a t  t h e  same r a t e  a t  whichtheyincreasethroughouttheremainder  
of t h e  well, exceptfor  a few samplesabove 3,000 f e e t  which seem 
toconta inreworkedmater ia l .  It is p o s s i b l et h a tc o a l ,  which i s  
extremelyfriable,mighthavecontaminatedsamples i n  t h e  8,000- t o  
12,100-footinterval  andreducedthe mean va lues  of t h e  v i t r i n i t e  
re f lec tance .Al thoughth is  may appearunl ike lyinviewofthefac t  
t h a t  some of theanalyseswereperformed on s idewal l  and convent ional  
coresamples,  Hunt (1979)caut ionstha ts idewal lcoresaregenera l ly  
t a k e n  a f t e r  a we l l  i s  d r i l l e d  t o  t o t a l  d e p t h  and t h e  formationshave 
been  sub jec t ed  to  the  h igh  p res su res  o f  c i r cu la t ed  d r i l l i ng  mud. 
D r i l l i n g  mud w i t h  d i e s e l  o r  c r u d e  o i l  i n  i t ,  or  poss ib ly  even  f ine  
c o a l  p a r t i c l e s  in t h i s  i n s t a n c e ,  may haveintroducedcontaminants 
t h a t  were thensampledbythesidewallcores. 

There i s  a l s o  a discont inuousincrease(fromaround0.7to1.0 
percent )  i n  t h e  Ro pro f i l ea tapprox ima te ly12 ,100fee t .  An 
a p p a r e n t l y  c o r r e l a t i v e  anomaly i s  present  on a p r o f i l e  of thespore  
co lora t ionindexatabout11 ,900fee t(Turner  and o t h e r s ,  1983b; 
DOW, 1982). Dow (1982)sugges tedtha tth i s  anomaly may r ep resen t  
t h e  Mesozoic-Cenozoicunconformity f i r s t  pos tu la ted  by  Fisher  (1982) .  
andmight e n t a i ls e v e r a lt h o u s a n df e e t  of e ros ion .Pa leonto logica l  
evidence,however ,indicatesthatTert iarysedimentsoccurtoabout  
14,500 f e e t  a t  t h i s  si te.  

The second d r i l l i n g  r u n  was completed a t  12,000feetofdepth 
and t h eh o l e  was cased.Thisprobablystoppedcontaminationfrom 
l i tho logies  above  12,000 f e e t  and may exp la in  a p a r t  of  t h e  
d i scon t inuous  inc rease  in  Ro va lues ,  bu t  i t  doesnotappeartoaccount 
f o rt h ee n t i r ei n c r e a s e .I na d d i t i o n ,  t h e  F&, g r a d i e n t ,o rr a t e  of 
of Ro i nc rease  wi th  dep th ,  is  grea te r  for  the  l i tho logy  be low 12 ,100  
f ee tthanfo ranyo the rpa r to fthes t r a t ig raph ict e s t .  

The caving  hypotheses  can  be  tes ted  in  a prel iminary way by 
cons t ruc t ing  a Lopat in  model t o  compare c a l c u l a t e d  l e v e l s  of ma tu r i ty  
based upon the  cur ren t  tempera ture  grad ien t  wi th  observed  Ro va lues  
from t h e  COST No. 2 well. Lopat in  (1971)  suggested a method f o r  
app ly ing  the  Ar rhen ius  equa t ion  to  ca l cu la t e  a c o e f f i c i e n t  h e  c a l l e d  
thetime-temperature index  (TTI),whichserves a s  a measureof thermal 
matur i ty .  It corresponds t o  random v i t r i n i t e  r e f l e c t a n c e  (R,) o r  t o  
S tap l in ' s(1969)the rma la l t e r a t ionindex  (TAT). It canbe 
demonstratedfromtheArrheniusequat ionthattherateof  a chemical 
r eac t iondoub lesfo reve ry  10 O C  i n c r e a s ei nt e m p e r a t u r e  i f t h e  
ac t iva t ionenergy  and thetemperature  of t h e  r e a c t i o n  a r e  r e l a t i v e l y  
l o w  (T i s so t  and Welte,1984).Becausesediments become p rogres s ive ly  
h o t t e r  upon b u r i a l ,  a n  i n t e r v a l  m a t u r i t y  c a n  b e  c a l c u l a t e d  by 
mul t ip ly ingthe  time o fre s idence ,AT,in  a tempera turein te rva lof  
10 OC by a f ac to r  o f  2", whichchangesto 2"+l,2n+2...2"max every 
10 OC. L o p a t i na r b i t r a r i l ya s s i g n e d  a va lue  of 0 t o  n f o r  t h e  
temperaturerangefrom 100 t o  110 O C .  The t o t a l  sum of t h ei n t e r v a l  
m a t u r i t i e s  is termed thetime-temperatureindex,or TTI .  
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Tissot and Welte (1984) feel that this model does not adequately 

take into account the consequences of higher temperatures and greater 

activation energies that are believedbetoinvolved after the peak 

of oil generation has been reached, the point after which thermal 

cracking becomes the predominate mechanism. However, uncertainties 

regarding the correct temperature gradient, the possibility that the 

temperature gradient has changed through time, the absolute ages of 

the sediments,the timing and amountof tectonic activity,and the 

composition ofthe organicmaterial probably present much
more 
formidable problems than do chemical kinetics. For example, there 
is frequentlyno adequate drilling history from which a correction 
can be computed forraw temperature data taken from a drill hole. 
Waples (1984a) has pointed out that despite theoretical objections, 
the Lopatin model
i s  simple to work with and the results of 
many applicationsto exploration have demonstratedthat it generally

works well (Falvey and Deighton, 1982; Magoon and Claypool, 1983; 

Middleton and Falvey, 1983; Ibrahim, 1983; Bachman and others, 1983; 

Issler, 1984). 


To apply the Lopatin model it i s  necessary toreconstruct the 
depositional and tectonic history for the sedimentsbeing studied. 

This has been done for four horizons located at 6,900, 10,700, 

and 14,000 feetin the COSTNo. 2 well (fig.34). The estimated absolute 

ages (in millions of years before present) are given in4.table 


Table 4. Depths and absolute ages of sediments
i n  the Norton Basin 
COST No. 2 well used in the Lopatin computation. 

Depth (feet) 


3,600 24 (late Oligocene) 

6,900 30 (early Oligocene) 

10,700 40 (late Eocene) 

14,000 60 (late Paleocene) 


Waples (1984b) considers the greatest source of error
i n  time-
temperature modeling tobe poor temperature data. Because drilling
fluids alter the ambient rock temperature,a correction mustbe made 

to the observed temperature measurements. Bottom hole temperatures 


run
taken at the end of each drilling were corrected using a technique 
based upon the observation that the temperature rise after circulation 
has stoppedi s  similar to static pressure buildup and thusbemay 
analyzed in a similar manner (Fertl and Wichmann,1977). In practice, 

this technique yields good estimates of true static formation 

temperature except when circulation times are in excess of
24 hours. 

After static bottom hole temperatures were calculated from each 

logging run, aplot of the temperature versus depth was constructed 
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and  0.77%  1984  Welte,  <Ro<ca.  

us ing  both  cor rec ted  s ta t ic  bo t tom hole  tempera tures  and two f l u i d  
temperaturesproducedby d r i l l  stem te s t s .Th i sy ie lded  a temperature  
g rad ien t  of 2.38 "F per100feet(43 OC/km) below5,000feet.  A t  
depths  less than5,000feet,temperaturemeasurementstendtobe 
somewhat e r r a t i c ,p r o b a b l y  due toinhomogeneities in theless-compacted 
sediments.Uncorrectedhigh-resolutionthermometerobservations were 
usedfromthesurfaceto 5,000 f e e t .  The correctedtemperature  
g rad ien t  computed f o rt h e  COST No. 1 wel l  was 2.39 OF per  100 f e e t  
(44 O C / k m ) .  Conjec tu resconce rn ingthetempera tu resa tdep thsl e s s  
t han  5 ,000  f ee t  a r e  academic  wi th  r e spec t  t o  th i s  Lopa t in  modelbecause 
thetemperaturesare  less than  60 O C  (140 OF), w i t ht h er e s u l tt h a t  
2" is l essthan0 .03 ,  a v a l u e  t h a t  r e s u l t s  i n  T T I  con t r ibu t ionso f  
no more than 0.5. 

Waples(1980and1984b)hascompared ca l cu la t ed  T T I  va lueswi th  
measured Ro d a t a  from many worldwidesamplesrepresenting a v a r i e t y  
of ages  and l i t ho log ie s .In i t i a lcomputa t ions ,based  upon a temperature  
g rad ien t  of2.38 "F per  100 f e e t  t h a t  was assumed t o  haveremained 
r e l a t i v e l y  c o n s t a n t  f o r  t h e  p a s t  60 mi l l i on  yea r s  of e a r t h  h i s t o r y ,  
were compared with Ro v a l u e s  from t h e  COST No. 2 well. These 
i n i t i a l  c a l c u l a t i o n s  r e s u l t e d  in T T I  v a l u e s  t h a t  were much g r e a t e r  
thanWaples 'correlationssuggestedtheyshouldbe.Fisher(1982) 
be l i eves  tha t  t he  ave rage  t empera tu re  g rad ien t  in theNortonBasin 
hasvariedbetween 35 and45 T/km s i n c et h eb a s i n  formed. I f  i t  
i s  assumed t h a tF i s h e r ' s  minimaltemperaturegradient,1.93 OF per  
100feet(35 "C/km) e x i s t e d  a f t e r  t h e  most active per iod of t e c t o n i c  
a c t i v i t y ,  t h a t  i t  inc reasedto  i t s  presentva lue  of about2.38 OF 
per100feet(43 O C / k m )  r a the rsudden lydur ingthela s t  5 o r  10 
million years ,  and thatsurfacetemperatureshavenotchanged 
r a d i c a l l y ,  o n e  c a n  t h e n  c o n s t r u c t  t h e  d e p o s i t i o n a l  model i l l u s t r a t e d  
in f igure34.  

The mainzoneof oil gene ra t ion ,  a l so  termedthe o i l  genera t ion  
window, has  been  ident i f ied  by  var ious  au thors  us ing  random v i t r i n i t e  
r e f l e c t a n c e  (Ro) ( t a b l e5 ) .  

Table5. Randommean v i t r i n i t er e f l e c t a n c ev a l u e s  (Ro) f o rt h e  oil 
generationzone. 

Author R, Range 

Dow, 1977 0.6 t o  1.35% 

1977 Hunt, 0.6 t o  1.35% 

Ti s so t  0.5 t o  1.3% 

Althoughthe limits f o r  t h e  o i l  g e n e r a t i o n  zone v a r y  s l i g h t l y ,  
t h e r e  is a generalconsensusthatthelowerthresholdoccursatabout  
0 . 5  t o  0.6 p e r c e n t ,o rp e r h a p ss l i g h t l yl o w e ri fr e s i n i t e  is presen t  
(Snowdon andPowell,1982). The maximum l i m i t  of t h e  o i l  window is  
general lyconsideredtobeabout1.3or1.35percent .  When Ro v a l u e s  
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m T a b l o  6. R e l a t i o n s h i p  o f  T T I  v a l u e sh y d r o c a r b o n 
t o  g e n e r a t i o n ,  C O S T  NO. 2 Well 

( a d a p t e df r o mW a p l e s ,  1084b). 

Ro( %> 
TTI Waples, l984b 

I 0.40 

-3 0.50Kerogen  

I O '  0.60 

15 0.65 

20 0.70 

50 0.90 

75 I .oo 

-I 80' I .35 

-32 I 

' Extrapolatedvalues.Seef igure 36. 

* The observed Ro value. 0.58%. appears  

Ro( %> 
N o r t o n  S o u n d  Stages  o f  

C O S T  No. 2 W e l l ,  1982 HydrocarbonGenerat ion 

C o n d e n s a t e0.39 (6.900 f e e t )  R e s i n i t e  f r o m  

S-R ich  F rom 

0.54 
i E a r l y  

0.5B2( 10.700 f e e t )  I 
Peak 

I .30' 

I .35 ( I  4.000 f e e t  Gas  

C.UU 

D r yG a s  

to re l lec t  coa l  Contaminat ion  f rom approx imate ly  8,000 f e e t .  
The projected Ro value on f igure 36 i s  nearer  to 0.64% at  a depth of  10.700 feet .  



exceed2.0percent,onlydrygascanbeanticipated.Thisvalue was 
notobservedinthe COST No. 2 w e l l ,  b u t  i t  canbepro jec t edto  a 
dep thofabou t15 ,300fee t( f ig .35 ) .Th i simpl i e stha teveni f  
sed imentswereth ickere lsewhereinthebas in ,thethermalmatur i ty  
of thesesediments would probablyprec ludethepreserva t ionofl iqu id  
petroleum a t  t h e s e  d e p t h s .  

Lopa t in  (1971)  o r ig ina l ly  p roposed  tha t  spec i f i c  T T I  va lues  
correspondtovariousstagesofhydrocarbongenerat ion.  Waples 
(1980,1984b)modifiedthesethresholdvalues.Table 6 i s  a 
compilat ion of some ofWaples' (1984b) Ro measurementscorrelated 
w i t h  modified T T I  values  based uponnumerousworldwide geo log ic  
r econs t ruc t ions .  The TTI  va lues  from the  COST No. 2 well (Stewart  
subbasin)areincludedforcomparison.  

The TTI  va lues  computed fo rthefourhor i zonsinthe  COST No. 2 
w e l l  are 0.07 (3,600 feet) ,  0 .98(6,900feet) ,  20 (10,700feet)and 
321(14,000feet) .Addit ionalextrapolatedvaluesfromfigure35 
appear on t a b l e  6 t o  a i di n  i n t e r p r e t a t i o n .  Observed Ro v a l u e sa r e  
gene ra l ly  somewhat lower  than  the  cor re la t ive  T T I  va lues  of  Waples 
suggesttheyoughttobe.  However, R,, valuestakenfromthe 
i n t e r p r e t i v e  p r o j e c t i o n  ( f i g .  3 5 )  a r e  i n  much be t te ragreement  
though s t i l l  s l i g h t l y  low. A T T I  of  10 fromtheproject ion 
correspondstoan Ro va lue  of0.57 percent(9 ,700fee t ) ,  and a 
T T I  of  20 t o  0.64percent.Thislends some suppor ttothethes i s  
t ha t  cav ing  may havedepressedthe Ro values between 8,000 or 
9 ,000fee t  and12,000fee t .I fth i s  is c o r r e c t ,t h et h r e s h o l d  
f o r  t h e  o i l  g e n e r a t i o n  zone would be  nea re r  t o  10,000 f e e t  t h a n  
10,700 f e e t  and the  o i l  gene ra t ion  zones  ind ica t ed  on f i g u r e  35 by 
t h e  T T I  and Ro va lues  would b e  i n  r e l a t i v e l y  good agreementwith 
one another . 

The Lopatin model doesnotprovethatanunconformity ex is t s  a t  
12,100feet ,butthepresenceofsuchanunconformity would not  
v i o l a t et h et h e r m a lc o n s t r a i n t s  imposedby t h e  model. F i n a l l y ,t h e  
Lopatin model that  produces T T I  va lues  which ag ree  most s a t i s f a c t o r i l y  
wi th  observedmeasures of t h e r m a l  m a t u r i t y  s u c h  a s  v i t r i n i t e  
r e f l ec t ancesugges t stha tthecur ren tt empera tu reg rad ien thas  
d e v e l o p e d  i n  t h e  l a s t  5 or  10  mi l l i on  yea r s  and t h a t  i t  may have 
beens igni f icant lylowerpr iortotha t  time. 

Minoramountsofhydrocarbonswereobserved i n  Eocene s i l t s t o n e s  
and sandstonesbetweenapproximately10,000and13,000feetinthe 

COST No. 2 wel l .  Dow (1982) ,repor t ing  on analysesperformedby 

RobertsonResearch (U.S.) I n c . ,s t a t e dt h a tt h e r e  was l i t t l e  d i r e c t  

evidence of migrated o i l  or g a s ,  or ofs igni f icantpe t ro leum shows 

i n  anysampleanalyzed. A s i l t s t o n e  samplefromcore 9 (12 ,212 .6fee t )  

produced near ly4,000partsper  m i l l i o n  of s a tu ra t e - r i ch  o rgan ic  

e x t r a c t  resemblingnormalcrude o i l  i n  composition. A second
sample 
ofveryf inegrainedsandstonesuspected of con ta in ing  l i qu id  
hydrocarbonsfromcore 9 (12 ,213 .6fee t )conta inedsol idbi tuminous  
m a t e r i a li d e n t i f i e d  byRobertsonResearch (U.S.) ,  Inc., asepi- impsoni te  
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on t h e  b a s i s  of i ts  Ro andelementalanalysis .  Dow observedthat  two 
samplesfromcore 10 (12,963.6and12,972.3feet)andonesamplefrom 
core  11 (13,404.9 f e e t )  producedgrosscomposi t ions,saturate-fract ion 
gas  chromatograms,andkey r a t i o s  s i m i l a r  t o  t h e  s a m p l e s  fromcore9, 
b u tt h e i rl i t h o l o g i e s  were predominantlyshale.  Their t o t a le x t r a c t  
con ten t s  and e x t r a c t  t o  TOC r a t i o s  a r e  markedlylowerthanthe 
sandstonesamplesfromcore 9 ( f i g .  30).Sample d e s c r i p t i o n si n d i c a t e  
t h a t  c o r e s  10 and 11 a l s o  c o n t a i n e d  s i g n i f i c a n t  amountsof coa l  
(up t o  25 percent ) .  Dow (1982)concludedthattheextractablebi tumen 
andhydrocarbonsoccurring i n  sandstones a t  around12.200 f e e t  
probablyoriginated in thedeeper(12,960to13,405feet) ,thermally 
matureshales.  

In t h e  COST No. 2 well ,  t h e  w e t n e s s  r a t i o ,  ( C + C + C & )  
(c1+c2+c3*4) x 100, 

of  headspace  gas  begins  to  increase  a t  a depth of10,000 feet;  i t  
reaches i t s  maximum value(75.9percent) a t  about11,750 feet  
( f ig .32 ) .  TheC15+ hydrocarbon/TOC r a t i oa l s ob e g i n st o  i n c r e a s e  
a t  about 10,000 f e e t  andpeaks(0.088) a t  12 ,212 .9fee t(core9) .  
P r e d i c t a b l y ,t h et r a n s f o r m a t i o nr a t i o ,  S1/(S1+S2), a l s o  b e g i n s  t o  
inc rease  a t  10 ,000  f ee t ,  and reaches i t s  maximum va lue  (0.882) in 
a s idewallcorefrom12,208feet(f ig .31) .Tracesof"free oil" 
were observed i n  t h e  d r i l l i n g  mud between11,800and13,000feet 
and r e s i d u a l  o i l  was repor ted  from core 9 ( see  Reservoi r  Rocks 
chap te r ) .  Anomalously g r e a t e r  amountsof gas  were recorded on t h e  
mud logbetween12,180 and12,290feet.  F luorescence  of  cu t t ings  
andof s o l v e n t  c u t s  was observed between 10,200and11,820feet. 

Althoughminoramountsofgas, oil, and so l id  b i tumen are  present ,  
t h e  o i l - g e n e r a t i n g  c a p a b i l i t y  of t he  po ten t i a l  sou rce  rock  pene t r a t ed  
by COST No. 2 well doesnotappeartobeverygreat .Furthermore,  
t h e r e  is l i t t l e  geochemica lev idencetosugges ttha tthet racesof  
observedhydrocarbonshavemigratedtothis s i te  from some unobserved 
source.  

Snowdon (1978)and Snowdon andPowell(1982)havereported 
naphthenic oils and condensates  they bel ieve to  have been generated 
from t e r r e s t r i a l l y  d e r i v e d  o r g a n i c  matter a t  r e l a t i v e l y  low l e v e l s  
of t he rma lma tu r i ty .Spec i f i ca l ly ,theysugges ttha ttheres in i t e  
present  i n  Te r t i a ry  coa l s  o f  theBeaufort-Mackenzie Basin has produced
hydrocarbons a t  an Ro l e v e l  ofbetween 0.4 and 0.6 percent .  Snowdon 
andPowell(1982) state thatbetween 5 and 1 5  p e r c e n t  r e s i n i t e  h a s  
beenobserved i n  samplesfromtheBeaufort-MackenzieBasinandthey 
rate sampleswith a minimum of  10  pe rcen t  r e s in i t e  as exce l l en t  sou rce  
rocks on t h e  b a s i s  o f  t h e  c r i t e r i a  ofPowell(1978). 

In the  COST No. 2 well, va luesinc rease  from approximately 
0.54 percent  a t  1 0 , 0 0 0  f e e t  t o  0.74 percent  a t  11,900feetand 
jump d iscont inuous ly  to  about  1.0 percentbetween11,950and12,200 
feet.Thesemeasurementsrepresent a rangeofthermalmatur i t ies  
tha tex tend  fromroughlythethreshold of o i l  g e n e r a t i o n  t o  t h e  
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maximum o r  peakoi l -generat ingcapabi l i tyfortype 111 kerogen 
( T i s s o t  and Welte,1984; Radkeand o thers ,1980) .  Random v i t r i n i t e  
r e f l ec t anceva lues ,  however, arepredominantly low (0.5 t o  0.7 
p e r c e n t )  t o  a depth of 11,952feet .  

Ninecuttingssamplesfromthe COST No. 2 well thatcontained 
obviousvisua lcoa l  were s e n t  t o  P. DharmaRao of theMineralIndustry 

ResearchLaboratory,UniversityofAlaska,forpetrographicanalysis.  

With t h e  few except ionsnotedintab le  7, Rao'spetrological  

descr ip t ions  fo l low the  In te rna t iona l  Handbook of CoalPetrology 

( In t e rna t iona l  CommitteeForCoalPetrology,1963, 1971,  and1976) 

and Stach'sTextbookofCoalPetrology(Stachandothers,1982). 

The r e s u l t s  of thesepointcounts  on a minera l - f ree  bas i s  a re  g iven  

i n  t a b l e  8. Five of theninesamplescontainanomalouslyhighresini te  

contents  and a s ix th  con ta ins  a s i g n i f i c a n t  amount of s p o r i n i t e .  


Snowdon and Powell(1982)proposed a hydrocarbongeneration 
model which would i n c l u d e  r e s i n i t e  i n  a d d i t i o n  t o  l i p t i n i t e  (waxy 
o i l s )  and v i t r i n i t e  (methane)groupmaceralsfromterrestr ia lorganic  
matter.This model i s  reproducedinf igure36.Addit ional  work is 
necessa ry  to  iden t i fy  the  sou rce  of t h e  hydrocarbonspresentinthe 
Stuartsubbasin.Becausetype 111 v i t r i n i t i ck e r o g e n  and coaltend 
to  be  assoc ia ted  wi th  d r y  gas  ra ther  than  wi th  condensa te  or  o i l ,  
andbecausetheliquidhydrocarbons a t  t h i s  s i t e  occurinsediments  
exhib i t ing  a r e l a t i v e l y  low l e v e l  ofthermalmaturity, i t  is poss ib le  
t h a t  r e s i n i t e s  d e r i v e d  from coal ,e i thera loneorincombina t ion  
withsubjacentthermallymatureshales ,  may havegeneratedthe 
hydrocarbonsobserved i n  COST No. 2 wel l .  

SUMMARY 


The COST No. 1 w e l l  i n  t h e  S t .  Lawrencesubbasinencountered 
type 111, humic,gas-pronekerogenandlesseramountsofcoal. 
Biogenicmethane i s  present  innear-surfacesediments ,butthere  i s  
l i t t l e  evidencetosuggestthatthermogenichydrocarbonshave formed 
i n  s i g n i f i c a n t  amounts a t  thewel l  s i te .  

The COST No. 2 wel lintheStuar tsubbas inpenet ra ted14,889fee t  
ofsedimentscontainingpredominantlytype 111, humic,gas-prone 
kerogenandcoalwithanomalousamountsofresiniteand some o ther  
l i p t i n i t i cc o n s t i t u e n t s .S i g n i f i c a n t  amountsoforganiccarbon 
a re  p re sen t  bu t  a r e  g e n e r a l l y  associatedwithcoal-bearingsamples. 
Minoramounts of gaseousand liquidhydrocarbonsplusbituminous 
mater ia l  a re  present  which  a re  thought  to  be  der ived  loca l ly ,  
e i t h e r  frommature,humickerogenorfrom l e s s  m a t u r e  r e s i n i t e  a n d  
l i p t i n i t i cc o a lm a c e r a l s .  The c u r r e n t  o i l  window occursbetween 
10,000 and 14,000feet .  Methane,probablyofbiogenicorigin, i s  
p r e s e n t  i n  near-surface sandstones.  Both COST wells penetrated 
s i g n i f i c a n t  thicknesses  ofthermallymaturesediments. 

Tracesofhydrocarbonsand o i l  s h a l e  havebeenreported a t  
v a r i o u s  l o c a l i t i e s  on themargins ofNortonSound, bu t  exp lo ra to ry  
d r i l l i n g  a t  t h e s e  s i t e s  h a s  n o t  r e s u l t e d  i n  any s igni f icantpe t ro leum 
discover iestoda te .Ter t ia rysur faceexposuresarerare  andtend 
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Table 7. Maceralclassif i 'cation for northern Alaska coals (from Rao, 1983). 

N 
N Low Rank Bituminous 

Coal Classification Coal Classification I Macrinite occursasmrphous gelified material 
Class Maceral Maceral binding such macerals as sporinite enclosedMacera Maceral Maceral1for this stud4 TYPe I within it. Macrinite can also occur as isc-Grour, SubprouDIbfacera1


I I I angular orparticles
lated irreg-with 

lminit vltro- ular shapes and distinct toundaries. 


. .d e t m  
2 Globular macrinite occurs as isolated spher

elo- I 	 icalparticles or asanagglomerationof 
particles, that are usually associated with 
vitriniteandfrequentlydisplayoxidation 
rim, dessicationcracks or differential 
ccmpaction.Theyarealsoassociatedwith 
semifusinite and can be found filling cell 
lumens. 

3 Exsudatiniteoccursasfillingsof small 

cracks or partings within the bedding planes

of the vitrinite, or as yell lumen fillings 


L in semifusinite and fusinlte. Exsudatinite in 
a variety of colorClassification applicable to all Coals fluorescence light exhibits 

tofrom pale yellow a bright goldor an orange 

Maceral Maceral Class Maceral !kcera1 Class gold. 


Group for this study (;roup for this study 4Thick cutinite occurs as wide, banded lenses 
with thick cuticular ledges, and are usually
strongly folded. Sane thick cutinite exhibits 
multiple lavers. In flwrescent lisht thick 

a exsudatinite 3 cuticles emit a bright yellowcolor similar 
u -
.d to thecolor of fluorescing alginite.
Fg o u a r  .d 
4J 

G .-a 
.d inertodetrinite d 6 Other liptinites include liptcdetrinites and 

sclerotinite other liptiniticmterials such as waxes, fats 

micrinite suberinite and oils thatcanmt be identified under one 
of the other liptinite classes. 
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T a b l e  8 .  	 Rela t ivecompos i t ions  of c o a lm a c e r a lg r o u p sa n dt h el i p t i n i t em a c e r a l s  
( m i n e r a l - f r e e  p e r c e n t ) .  

Maceral Group Cutt ingsSamples  
a n d  L i p t i n i t e  
Group Macerals 

(depthbelow k e l l y  b u s h i n g  i n  f e e t )  
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1 2 , 9 2 0  
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E x s u d a t i n i t e  2.54.9 2.5 1.8 .... .... 1.0 0.6 
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A l g i n i t e  .... 0 .3  .... .... 0 .2  .... .... .... .... 

6.1 

S u b e r i n i t e  0.6  ........ .... .... .... .... .... .... 
2.2 0.712.5 2.6 4.1 L i p t o d e t r i n i t e  1.7 
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condensate dry  gas 

* 
as-paraffinic dry  gas
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VlTRiNlTE gas 

-dissolution in gas phase 

)) cracking 

F I G U R E 3 6 .  H y d r o c a r b o ng e n e r a t i o nm o d e lf o ro i la n dc o n d e n s a t ef r o m  

s o u r c e  r o c k s  c o n t a i n i n g  t e r r e s t r i a l  o r g a n i c  m a t t e r .  Q u a n t i t y  a n d  

n a t u r eo fu l t i m a t ep r o d u c t  i s  a f u n c t i o no fr e l a t i v eq u a n t i t i e so f  

r e s i n i t e ,l i p t i n i t e ,v i t r i n i t e .a n df u s i n i t e  in s o u r c eo r g a n i cm a t t e r ,  

and Of l e v e l  o f  t h e r m a la l t e r a t i o n( f r o mS n o w d o na n dp o w e l l ,  

1982). 
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t o  b e  composed of coa l  when present .  The Ter t ia ryoutcropsare  
thermally immature tomature. The CretaceousrockssurroundingNorton 
Sound tendtobeover-maturetometamorphicgradeandaregenerally 
wellindurated.  

Gas seepshaveproduced an extensive C2 t o  C4 alkane plume along 
thenorthcoastofNorton Sound. The plume o r i g i n a t e s  i n  t h e  v i c i n i t y  
of t h e  Yukon hor s t  and i s  composed l a r g e l y  of C02 withminoramounts 
of l i gh thydroca rbonsa t  i t s  source.  

Continuedexploration w i l l  be  necessa ry  to  eva lua te  the  t rue  
petroleumpotent ia l  of theNortonBasinarea. However, t h es i x  
explora tory  wel l s  dr i l l ed  thus  fa r  have  been  d isappoin t ing .  
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F I G U R E  37. P o s s i b l es t r u c t u r a la n ds t r a t i g r a p h i ct r a pc o n f i g u r a t i o n sa s s o c i a t e d  
w i t hm a j o rT e r t i a r ys e d i m e n t a r ys e q u e n c e sa n dp r e - T e r t i a r yb a s e m e n t .S e i s m i c  
h o r i z o n s  A t h r o u g h  E a r ed e p i c t e d .P o t e n t i a lt r a p si nt h eG R A B E NF I L LP L A Yi n c l u d e  ( 1 )  C l a s t i c  
w e d g e sa l o n gh o r s t s ;  ( 2 )  t r u n c a t i o n  o f  p o r o u ss t r a t ab ya nu n c o n f o r m i t y ;  (31 f a u l tt r a p s ;a n d  
( 4 )  c o m p a c t i o no rd r a p eo v e ri g n e o u sm o u n d s .I nt h eI N T E R I O RS A GP L A Yp o t e n t i a lt r a p si n c l u d e ( 5 )  
a r c h i n ga n d d r a p eo rc o m p a c t i o no v e rh o r s t s ;  (61 s t r a t al a p p i n go n t ob a s e m e n to ru n c o n f o r m i t i e s ;  

( 7 )  r o l l - o v e r sa s s o c i a t e dw i t hn o r m a lf a u l t i n g ;a n d  ( 8 1  p o r o u ss t r a t as e a l e du p d i pb yi m p e r m e a b l e  
s i l i c ad i a g e n e s i sz o n e .P R E G R A B E NB A S E M E N TP L A Y Si n c l u d ep o t e n t i a lt r a p si n  (91  w e a t h e r e d  
c a r b o n a t eo rf r a c t u r e dq u a r t z i t e  o r  o t h e rm e t a s e d i m e n t a r yo rc r y s t a l l i n eb a s e m e n tr o c k .  
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Play  Concep t s  

Hydrocarbonaccumulations known from bas ins  geologica l ly  
analogoustotheNortonBasin provide a b a s i s  f o r  t h e  p r e d i c t i o n  of 
thetypesofplaysinNortonBasin.Harding(1984)defined a 
conceptual framework f o r  majorhydrocarbonoccurrences in extens iona l  
bas ins  from a syn thes i s  of theSir teBasinofLibya,the Suezand 
VikinggrabensofEgyptandtheNorthSea,andotherblock-faulted 
areas.Hydrocarbonaccumulationsinextensionalbasinscanbe 
placed in oneofthreemajorcharacterist icsedimentarysequences:  
pregraben, graben f i l l ,  and i n t e r i o r  s a g( f i g .  3 7 ) .  Trapping
mechanisms i n  a l l  bu ttheupperpar t  o f  t h e  i n t e r i o r  sagsequence 
a rep r imar i ly  a r e s u l t  o f  s t r u c t u r a l ,  d e p o s i t i o n a l ,  e r o s i o n a l ,  and 
compact iona l  processes  assoc ia ted  wi th  the  mul t id i rec t iona l  fau l t s  
t h a t  bound hors t -graben  fau l t  b locks .  

PREGRABEN BASEMENT PLAYS 

Rocks of  the  miogeocl ina l  be l t ,  whichwere penetrated in t h e  
lowerpartsofbothNortonBasin COST wells, probably represent  the 
l i t hos t r a t ig raph ic  sequence  tha t  would beencountered in pregraben 
plays.  This s e c t i o nl a r g e l yc o n s i s t so fs c h i s t ,p h y l l i t e ,s l a t e ,  
q u a r t z i t e ,  andmarbleofPrecambrian toPaleozoicage. As  t hese  
rockscontain no ef fec t ive  in te rgranular  poros i ty ,  any  reservoi r  
poros i ty  would betheresul toffractur ingorweather ing.These 
rocks  a re  most l ikelythermallyovermature;anyhydrocarbonspresent 
would have t o  havebeensourcedfromTertiarysediments in deeper 
p a r t s  of t h e  b a s i n  and migrated along faul ts  or unconformities 
in to  h igher  basement  s t ruc tures .  

Secondaryporosityand karst featuresdeveloped in carbonates 
du r ing  subae r i a l  exposure  p r io r  t o  depos i t i on  o f  t he  g raben  f i l l  
c o n s t i t u t e  onepo ten t i a lp l ay( f ig .  3 7 ) .  Cataclasticmarbleswere 
encountered in both  COST wel l s ,  and genet ica l ly  s imi la r  carbonate  
rocks crop out  in t h e  YorkMountains on the  Seward Peninsula(Hudson, 
1977)  and S t .  Lawrence Is land(Pat ton and Csejtey,1980). The 
Renqiu o i l  f i e l d  in t h e  Bohai Bay BasinofeasternChinarepresents 
an  exampleof th i stypeoft r ap .  The r e s e r v o i rc o n s i s t s  of so lu t ion-
en la rged  f r ac tu res  and karst f e a t u r e s  in a Precambriancarbonate 
f a u l t  b l o c k  ( Q i  andXie-Pei,1984). 
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Another pregraben playinvolvesreservoirs  in f r ac tu red  
Fracturedc r y s t a l l i n e  or metasedimentary basement rock (fig. 37). 

q u a r t z i t e  was encounteredinthe COSTNo. 2 well. The presenceof 
grani t icoutcropsaroundNorton Sound,and magneticanomalies 
of fshore ,  sugges t  tha t  weathered  subcrops  of  gran i t ic  rock  may b e  
presentinthebasin.Hydrocarbonstrapped in f r a c t u r e dq u a r t z i t e  
and g r a n i t e  on t h e  crests o f  f au l t  b locks  in t he  S i r t e  Bas in ,  
Libya(ConantandGoudarzi,1967),provideananalogforthistype 
ofaccumulation. 

An importantconstraint  on pregrabenplays i s  t h e  s t r u c t u r a l  
complexi tyofthepregrabentectonostrat igraphicsequence(Harding,  
1984). Complex p reg rabens t ruc tu ret endstod i s rup ttherese rvo i r  
cont inui ty  of  fau l t -b lock  s t ruc tures  and thuspreventlargehydrocarbon 
accumulations. The complex geologichis toryofthemiogeocl inal  
b e l t  r o c k s  whichapparentlyunderliemostoftheNortonBasinsuggests 
thatpregrabenbasementplays are less prospect ivethanplays in 
t he  g raben  f i l l  o r  i n t e r io r  s ag  sequences .  

GRABEN FILL PLAYS 

The graben f i l l  sequence in t h e  NortonBasin i s  represented by 
the  Te r t i a ry  sec t ion  be low seismic horizon C ( f i g s .  1 3  and14). 
This sedimentarysequenceincludestheearlyOligocene,Eocene, 

andpossiblePaleocenerocksofli thologiczones To-3, Te,  and Tp. 

The bes t  po ten t ia l  reservoi r  rock  encountered  in t h e  COST wells in 

t h i s  sequenceconsistsof 230 f ee t  o f  O l igocene  f luv iode l t a i c  

sandstone in l i t h o l o g i c  zone To-3 ( t ab le3 ) .S ign i f i can tth i cknesses  

of  a l luv ia l  sands tones ,  as well a s  p o s s i b l e  t u r b i d i t e s ,  were a l s o  

encountered in t h e  Eoceneand possiblePaleocenesect ions,but  

these sandstones were generallyimpermeablebecauseoftheir 

mineralogicalimmaturi tyandgreaterburialdepths .  However, on 

basementhighsandalongtheflanksofhorsts,thesesandscould 

r e t a i ns i g n i f i c a n tr e s e r v o i rp o t e n t i a l .  A t  t h e  COST wells, s eve ra l  

anomalies in porosity-depthtrends,  as wel l  as hydrocarbonshows, 

suggestthatunderfavorableconditionsthesesandsmightform 

a t t r a c t i v e  p o t e n t i a l  r e s e r v o i r s  e v e n  wheredeeplyburied. The two 

COST wells representonly a small sampleofthe strata in t h i s  

l a r g e  b a s i n  and i t  i s  l ike ly  tha t  c leaner ,  quar tz - r ich  sands  occur  

e lsewhere .Poten t ia lsourcesofquar tz - r ichdet r i tusinc lude  

basementrock composed of  Cre taceous  gran i t ic  in t rus ives  and 

Precambrian to  Pa leozo ic  qua r t z i t e s ,  bo th  o f  whichcouldhaveshed 

s ign i f i can t  quan t i t i e s  o f  qua r t z  s and  in to  the  bas in .  


Poss ib le  p lays  in t he  g raben  f i l l  s equence  inc lude  t r aps  and 
s t ructuresdeveloped in con junc t ion  wi th  f au l t i ng ,  such  a s  t i l t ed  
or  d ipping  strata t h a t  have  been  sea led  updip  by  fau l t s  ( f ig .  37) .  
These  types  o f  t r aps  a re  found  in  f i e lds  in  the  GulfofSuez(Thiebaud 
andRobson,1981)and i n  t h e  Reconavo BasinofBrazil(Ghignone 
and De Andrade,1968) .Strat igraphictrapsandtrapsassociated 
wi th  unconformi t ies  inc lude  c las t ic  wedges on t he  f l anks  o f  ho r s t s ,  
submarinefansinbasindepocenters ,s t ra taonlappinghorsts  and 
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otherpos i t ivebasements t ruc tures ,  and t runca teds t ra tabenea th  
unconformit ies(f ig .37) .  Examplesofmostofthesecanbefound in 
t he  S i r t e  Bas in  ofLibya,theVikinggrabenintheNorthSea, and 
in theEgyptian Gulf of Suez(Harding,1984). 

Otherpossibletrapsinclude thoseassociated withigneous 
f ea tu res  p re sen t  w i th in  the graben f i l l  sequence. Seve ra lf ea tu res  
tha t  appea r  t o  be  igneous  in t rus ive  bod ies  havebeenseismically 
i d e n t i f i e d ,  a s  have seve ra l  mound-shaped f e a t u r e s  of probablevolcanic  
o r i g i nt h a tr e s t  on basement ( f ig .37) .Arching,draping,  and 
d i f f e r e n t i a l  compaction of s t r a t a  overtheseigneous mounds, o r  
lapouts  on t he i rf l anks ,r ep resen tpo ten t i a lt r aps .S imi l a r  domal 
fea tures  conta in ing  o i l  have  been  d iscovered  in t h e  Sado Basin in 
the SeaofJapan(Suzuki,1983). 

C l a s t i c  wedges tha tappeartobea l luv ia ltosubmar inefan-de l ta  
complexes thatonlapbasementhorsts  (or  a re  t runca ted  by 
unconformit iesalonghorstf lanks)areprobablythe most prospect ive 
e x p l o r a t i o nt a r g e t s  in theNortonBasin.Analogousplaysarefound i n  
thesouthern Brae a rea  of theNorthSea,where a f i e l d  w i t h  a n  o i l  
columnof about1,500feet i s  contained in a l luv ia l  fan  conglomera tes  
and sandstonesthatwereshedfromanupliftedfaultblock (Harms 
andothers ,1980) .  

INTERIOR SAG PLAYS 

The s t ra t igraphicsec t ioninvolved  in t hein t e r io rsagp lay  
inc ludesthela t eOl igocene ,  Miocene,Pliocene,andearlyPleistocene 
s t r a t a  above seismic horizon C ( l i t ho log ic  zones  To-2,To-1, and Tmp) 
( f i g s .  13 and 1 4 ) .  Potent ia lreservoirrocksencountered in t h i s  
i n t e r v a l  i n c l u d e  t h e  f l u v i o d e l t a i c  andmarginalmarineshelfsands 
oftheupperOligocenesection. In the COST No. 2 wel l ,  685 f e e t  
o f  sands tone  d isp lay ing  poten t ia l  reservoi r  qua l i ty  was encountered 
i n  l i t h o l o g i c  zones To-1 and To-2 ( t a b l e  3 ) .  Thesesandsprobably 
representmarginalmarineequivalents  of t h e  a l l u v i a l  s a n d s  t h a t  are 
in fe r r ed  to  r ep resen t  t he  bu lk  of t he  l a t e  O l igocene  sec t ion  in  the  
basin.  

P o t e n t i a li n t e r i o rs a g  plays include a rcheds t r a t a  formed by 
drapingorcompactionover h o r s t s ,  and t o  a l e s s e re x t e n t ,f a u l t ,  
s t r a t i g r a p h i c ,  andunconformitytraps(f ig .37) .Strataarched 
overigneousbodies( laccol i ths?)a l sooccur  in t h i s  s e c t i o n  and 
cons t i t u t eano the rpo ten t i a lp l ay .  A more speculat iveplayinvolves  
poten t ia lreservoi rsandstha taresea ledupdipbythesubregional  
Miocene s i l ica  d iagenet ic  zone  ( f ig .  3 7 ) .  

Probablythe most p rospec t ive  in t e r io r  s ag  p l ays  invo lve  
a rchord rapefea tu resove rhor s t s  and horstshoulders .  Examples 
ofthesetypesoft rapsarepresent  in theSir teBasin,Libya 
(Parsons and others,1980;Harding,1984),  and in theVikinggraben 
of theNorthSea(Blair,1975;Harding,1984). 
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TIMING OF OIL GENERATION AND TRAP FORMATION 

Potent ia l  source rocks occur  within the oi l  window in the Norton 
Basingraben f i l l  sequence below burial  depths ofabout9,500to 
10,700feet .  The pregrabenPaleozoicmetasedimentsareovermature; 
thelateOligocenethroughearlyPleis toceneinter iorsagsequence 
i s  thermallyimmature. 

The r e l a t i v e  t iming ofthermalmaturity derived fromLopatin 
modeling of t he  COST No. 2 wel l  sugges ts  tha t  t he  basa l  Te r t i a ry  
sequence (now a t  about  13,500feet)enteredtheoi lgenerat ion window 
about 20 mill ionyearsago(earlyMiocene).  Becausemostof the  
prospec t ive  t raps  in the Norton Basin are associated wi th  major 
normal f a u l t i n g  t h a t  was mainly act ive pr ior  to  mid-ol igocene t ime 
(seismic horizon C),most of t h e  p o t e n t i a l  hydrocarbontraps should 
haveformed p r io r  t o  o i l  generat ion.  Some exceptions may be the  
drapeorcompactionfeaturespresentinthesectionaboveseismic 
horizon C ,  mostofwhichformed in the  Neogene during,  and perhaps 
a f t e r ,  t h e  main phaseofhydrocarbongeneration. 

Poten t ia l  migra t ion  condui t s  for  hydrocarbons  genera ted  a t  depth  
inc luderegional  and loca lunconfo rmi t i e s ,f au l t s ,  and theporous 
f a c i e s  o f  c l a s t i c  wedgeswhich i n t e r f i n g e r  a t  t h e i r  d i s t a l  endswith 
thermallymaturepotent ia lsourcerocks.  Minor r eac t iva t ionoffau l t s  
extending upward in tothethermal ly  immature inter iorsagsequence 
mightprovidemigrationroutesintotheshallowerarched-drapeor 
compaction structures.  

Becausethe dominant typeof organic mat terpresent  i n  the  
poten t ia lsource  rocks is humic, gas-prone kerogen derived from 
t e r r e s t r i a ls o u r c e s ,t h e  most l ikelyhydrocarbonstobefound in . 
t hebas ina regas  and gascondensate. However, oil shows i n  the  
COST No. 2 wellbetween11,800 and 13 ,000  fee t ,  and o i l - sa tura ted  
zones i n  aconglomeraticsandstonebetween12,180and12,290feet, 
indicatethatthesediments  in theNortonBasinarecapable of 
gene ra t ingo i l .  The o i l  in these  shows i s  thoughttohavebeen 
der ived  ch ief ly  f rom res in i te  and l i gn i t i c  coa l  mace ra l s  (Turne r  
and o the r s ,  1983a ,b) . 

There a r e  numerousexamples of o i l  accumula t ions ,  some very 
l a r g e ,t h a t  were generatedfrom cont inentalsediments .  I n  t h e  
GippslandBasinofAustralia,forinstance,  3 b i l l i o n  b a r r e l s  o f  
r ecove rab le  o i l  havebeendiscovered i n  a humic coal-bearing 
f luv iode l ta ic  sequence  tha t  is both  the  reservoi r  and thesource 
f o r  t h e  o i l  (Shanmugam, 1985). The o i l  t h e r e  i s  thoughttobe 
der ived from coal  and r e s i n .  The g i an t  Daqing oil f i e l d  i n  
nor theas te rn  China i s  another example of o i l  g e n e r a t e d  in a b a s i n  
containingonlynonmarinesediments. The o i l  was derived from 
freshwateralgae and h i g h e r  t e r r e s t r i a l  p l a n t  d e b r i s  d e p o s i t e d  in 
a largelakebasin(Wanli ,1985).  The Mahakam Delta ofIndonesia 
c o n t a i n s  o i l  and gas  tha t  were derived from coa l  and assoc ia ted  
sha le  (Durand and Oudin, 1979). Snowdon and Powell(1982)describe 
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o i l s  i n  t h e  T e r t i a r y  oftheBeaufort-MackenzieBasinthoughttohave 
beengeneratedfrom t e r r e s t r i a l lyde r ivedorgan icma t t e r .G ib l ing  
and others(1985)describe many smallCenozoicintermontanebasins 
i n  n o r t h e r n  T h a i l a n d  t h a t  c o n t a i n  d i s t i n c t i v e  nonmarinesequences of 
o i l  s h a l e  and coa ltha thavethepo ten t i a lfo r  o i l  gene ra t ion .  

SUMMARY 

The volumeand d i s t r i b u t i o n  of r e se rvo i r  rock ,  s ea l s ,  and 
t rappingconf igura t ions  do notappeartoposesignif icantproblems 
t o  hydrocarbonaccumulationintheNortonBasin. The timingof 
thermalmaturi ty  and t rap  format ion  a l so  genera l ly  appears  favorable .  
However, Fisher  (1982) suggestedthatthermallymaturesedimentin 
t h e  b a s i n  composes, a t  most, 11 percent of t h e  t o t a l  b a s i n  volume, 
and t h a t  t h e s e  s e d i m e n t s  a r e  r e s t r i c t e d  t o  i s o l a t e d  s t r u c t u r a l  
lows or grabens. He a lsosugges tedtha tthe  numerous f a u l t s  and 
f a u l t  b l o c k s  may have  d is rupted  la te ra l  migra t ion  pa ths  from these  
lows.Theseconstraints ,  and thepredominance of humic,gas-prone 
kerogen,areprobablythemostimportantl imit ingfactorsfor  
commercialhydrocarbonaccumulations inthebas in .Desp i t ethe  
poor  exp lo ra t ion  r e su l t s  t hus  f a r  and the  h igh  p robab i l i t y  of gas or 
gascondensatebeingthetypeofhydrocarbonsmostlikelytobefound, 
o i l  shows in t h e  COST No. 2 well ,  taken with the  c i t ed  in s t ances  
oflargeaccumulationsof o i l  sourcedfromsimilarnonmarinesediments 
i n  o therbas ins ,ind ica tetha tthepotent ia lfors igni f icantpe t ro leum 
accumulat ions in  the Norton Basin cannot  be ruled out  without  
fu r the rexp lo ra t ion .  
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Shallow Geology, Geohazards, 

and Environmental Conditions 
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Shal low G e o l o g y  

InvestigationsoftheshallowgeologyofthenorthernBering 
Seahavebeenongoingsincethe l a te  1940's. Academic s t u d i e s  on 
var iousaspec ts  of theBering Land Bridge,investigationsconcerning 
placergoldmining,and d e t a i l e d  s t u d i e s  of potent ia lgeohazards 
re la tedtope t ro leumexplora t ion  and developmenthave a l l  cont r ibu ted  
t o  the knowledgeof t h i sa r e a .  As a r e s u l to ft h e s er e l a t i v e l y  
comprehens ives tudies ,thephys ica la t t r ibu tesoftheseaf loor  and 
theQuaternaryhistoryoftheBering Sea a rea  are r e l a t i v e l y  well 
understood. This sect ionincludesan assessment ofthepetroleum
relatedenvironmentalgeologyofthe NortonBasin a rea  and a b r i e f  
synopsisoftheQuaternaryhistoryof theBering Sea area.  

DATA BASE 

The sur face  and near-surfacegeology o f  thenorthernBeringSea 
has  been  e luc ida ted  by  in t eg ra t ing  h igh - re so lu t ion  se i smic  r e f l ec t ion  
surveyswith d a t a  obtainedfrombottomsamples,boxcores,and 
vibracores .  Much of t h ed a t ab a s ef o rt h i sa s s e s s m e n t  i s  from 
USGS inves t iga t ions ,  whichincludetheConservationDivision's 
(now Minerals Management Service)high-densityseismicsurveyof 
theSale  57 areaofNorton Sound. Alsoincluded i s  t h e  1979Tetra 
Tech,Inc. ,surveyoftheshal lowgeologiccharacter is t ics  of t h e  
COST No. 1 wel ls i te .Thissurvey ,  a p a r to ft h ea p p l i c a t i o nf o r  
p e r m i s s i o n  t o  d r i l l  (APD), included a geotechnicals tudy of t h e  
upper 25 feetofsedimentand a h igh- reso lu t ionse ismic- ref lec t ion  
surveyoftheseaf loor  and i t s  near -sur facefea tures .  A s i m i l a r  
s t u d y ,  a l s o  u t i l i z e d ,  was conducted i n  1980byNekton,Inc., a t  t h e  
COST No. 2 w e l l  s i t e .  

PHYSIOGRAPHY 

The northernBering Sea (f ig .38)includestheNortonBasin 
planningarea,which i s  boundedbytheNorton Sound c o a s t l i n e  
on t h e  e a s t  and sou theas t ,t he  Seward Peninsula on thenorth,  t h e  63 
degree  no r th  l a t i t ude  on thesouthernborder ,  and the US-USSR 
convent ionl ine  of1867 on thewest .  
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The northernBeringSeaoccupies a r e l a t i v e l y  f l a t  
ep icont inenta lshe l fa reatha tcovers  more than77,200square 
miles .  The presentbathymetryandgeomorphologicalconfiguration 
a r e  t h e  r e s u l t  o f  g l a c i a l ,  f l u v i a l ,  and l i t t o r a ls e d i m e n t o l o g i c a l  
processeswhichoccurredprimarilyduringPleistocene low s tands  
of s e a  l e v e l( f i g .  39).Thesegenerallyregressivefeatureshave 
beensubsequently modi f ied  by  t ransgress ive  (e ros iona l  and 
sedimentological)  processes.  

FederalwatersintheNorton Sound area  range  in  depth  from 1 9  
toover164fee t( f ig .39) .  The sea f loo rs lopesgene ra l ly  wes tward  
toward thein te rna t iona lboundarywi ththeSovie t  Union.Superimposed 
on t h i s  westward s lope  a re  sub t l e  bu t  d i s t i nc t  t opograph ic  f ea tu res  
thathavebeengroupedintoover 20 physiographicprovincesbyHopkins 
and others(1976).Larsen and others(1980)  l ist  fourmorphologic 
provinces ,eachtheresu l t  of d i f f e ren tgeo log ica lp rocesses :  (1) a 
westernarea of hummocky r e l i e f  composed o f  g l a c i a l  g r a v e l  and a 
t ransgressive-marinesubstrate ,(2)  a southeas te rnareacharac te r ized  
by a f e a t u r e l e s s  p l a i n  composed of a t ransgress ive-mar ine  subs t ra te ,  
(3)  a northeasternprovince ofsandridgesandshoalswith a 
t ransgress ive-mar inesubs t ra te ,  and ( 4 )  aneasternprovince 
character izedby a f l a t ,  marinereentrant( thepresentNorton Sound) 
flooredbythe s i l t  and s i l t y  sandofthepresent Yukon River 
prodel ta .  

A por t ion  of the Yukon Riverdel ta-front  is a l s o  p r e s e n t  i n  t h e  
southernpar t  ofNorton Sound. The de l ta - f ront  i s  a seawardextension 
of nearshoreHolocenesanddepositsand i s  character izedby a 1 t o  2 
degreeseawardslopingseaf loor .Seaward,thedel ta-frontgradesinto 
the  p rode l t a ,  which representsthepresent  limit of d e l t a i c  
sedimentation. The prodel tas lopeslessthan  1 degree and i s . p r e s e n t  
undermarinewater52 to89fee tdeep .  The por t ion  of t h e  Yukon River 
Del taanddel ta-frontlocatedinFederalwaters  i s  separatedfromthe 
present lyprogradingshorel ineby a sub-iceplatform(Larsen and 
others ,1980) .Thisplatform i s  3 t o  12 mileswidealongthe 
southernboundaryofNorton Sound and occurs  inwaterdepthsof  less 
than 32 f e e t .  

The charac te r  and d i s t r i b u t i o n  ofmodern sed iments  in  the  
Norton Sound a r e  a f f e c t e d  t o  a greatextentbyicegouging,s torm 
s u r g i n g ,  t i d a l  andbottomcurrents,  and there leaseofb iogenicgas .  
Thesedynamic processes a re  r e spons ib l e  fo r  theformationoftransient  
bedformssuch a sscour  marks,longitudinal c u r r e n t  l i n e a t i o n s ,  
megaripples,icegouges,  and b iogen icgas  c ra t e r s  (Hooseand o t h e r s ,  
1981;Steffy andHoose,1981; S t e f f y  andLybeck, 1981; S t e f fy ,Turne r ,  
Lybeck,andRoe,1981; Steffy,Turner,  andLybeck,1981). 

QUATERNARY GEOLOGY 

Three ear ly  to  middle  Pleis tocene glaciat ions encroached upon 
thenorthernBeringSeashelf  from theeasternSiberia-Chukotsk 
Peninsulaarea and from thewestern Alaska-Seward Peninsulaarea 
(Grimand McManus, 1970;Nelsonandothers,1974;Hopkins,1979and 
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1982) .Siber ianglaciersextendedover90 miles beyond theChukotsk 
Peninsula and intothewestern Chir ikovBasin and westernSt .  
Lawrence Is landareas .Theseglacialadvances are recordedby 
morainalridges(expressed as g rave l  ba r s )  that extendnorthward 
from thei s l and .Loca lva l l eyg lac i a t ions  on t h e  Seward Peninsula 
extended somewhatmore than a mile offshore.Morainesandoutwash 
depos i t s  were encoun te red  by  d r i l l ho le s  ju s t  o f f shore  o f  Nome 
(NelsonandHopkins,1972). 

Between 20,000and 14,000 yearsago,  t h e  l a s t  worldwide 
glaciat ion (Wisconsin)  lowered s e a  l e v e l  by near ly  280 f e e t ,  
exposingthenorthernBeringSeaandtheBeringStraittoboth 
subae r i a le ros ion  and deposition(Hopkins,1982).Threemajor 
cont inental  glaciers  covered western North America, nor theas te rn  
S i b e r i a ,  andthe Brooks Range in Alaska. The BeringSeashelf ,  
however,remained l a rge lyung lac i a t ed .  Hopkins(1982)envisions 
the  unglac ia ted  she l f  area as a low-lying per iglacial  plain 
covered  by  arc t ic  s teppe  type  vegeta t ion .  

During theWisconsinlowstandof sea level ,  t h e  a n c e s t r a l  
Yukon,Kuskokwim, and Anadyr Riversdrainedsouthwardoverthe 
subaeriallyexposedBeringSeacontinentalshelf  and deposited 
sediment on the  cont inenta l  s lope  and  in to  the  abyssa l  Aleut ian  
Basin(Nelsonandothers,1974). G r i m  and McManus (1970)recognized 
theburiedchannelsof  streams t h a t  oncedrainedsouthwestwardfrom 
t h e  Seward PeninsulaintotheChirikovBasin.KnebelandCreager 
(1973)recognized similar channelfeaturesbetweenSt .  Lawrenceand 
St .  Matthew I s l a n d s  on t h ec e n t r a lc o n t i n e n t a ls h e l f .  The a n c e s t r a l  
Anadyr RiverflowedsouthwardfromtheChukotskPeninsulaviathe 
Gulf of Anadyr andthroughthesubmarinePenrenets Canyon (Nelson 
and others ,1974) .  The a n c e s t r a l  Kuskokwim Riverflowedsouthward . 
i n t oB r i s t o l  Bay. Between20,000and2,500yearsago,the Yukon River 
migrated a distanceofover185 miles from a debouchment south of 
Nunivak I s l and  to  i t s  present  pos i t ion  in theNorton Sound (Knebel 
andCreager,1973;Duprg,1978).Boththedistributionand 
accumulationof l a te  PleistoceneandHolocenesediment i n  t h e  Norton 
Sound were great ly  inf luenced by migrat ion of t h e  Yukon River Delta 
and i t s  channels. 

The migrationofthe Yukon River ,the last  deglac ia t ion ,  and 
t h e  latest  marinetransgressionovertheBering Sea shelfoccurred 
essent ia l lysynchronous ly .  A sealevelcurvefortheBeringSea 
regiongiven byHopkins(1982) ( f i g .  40) d e p i c t s  a r i s i n g  s e a  l e v e l  
thatfollowedthemeasured maximum sea l e v e l  low(-280 f e e t )  t h a t  
occurredapproximately20,000yearsago. This sea  level  r i s e  
commenced about16,000yearsago,but was in t e r rup ted  by s e v e r a l  
s t i l l s t a n d s .  These s t i l l s t a n d sr e s u l t e di nt h e  developmentof a 
series of shorel ines ,theremnants  ofwhich are present  as submerged 
sandridgesinthewesternChirikovBasin(Nelson, Dupre', Field,and 
Howard, 1980). In many areas, a genera l lyth inveneer  ofHolocene 
sedimentshasallowedthesurfaceexpressionof re l ic t  grave l  
deposi ts ,s t reamval leys ,outwashfans,  and hummocky topography 
(Grimand McManus, 1970). 

138 








+ 2 5  

PRESENT 
n 

v)a -25  
W 
c 
w -50 
5 c 
W -75  
> 
w 
J - 1  

a 
W 
v) 

I I 

PRESENT 
n c
-100 w 
W 
U. 

-200 1 
W 
> 
W

-300 J 

a 
W 

THOUSANDS OF YEARS v) 

F / G U R E  4 0  S e al e v e lh i s t o r yf o rt h eB e r i n gS e a .P Bi n d i c a t e s  
w h e r et h es e al e v e lc u r v e  i s  b a s e d  o n  d a t ae x t r a p o l a t e df r o m  
P r u d h o eB a y .A d a p t e df r o mH o p k i n s ( l 9 8 2 ) .  

141 




1 6 7  1 6 6  1 6 5  1 6 4  1 6 3I I I 

6 4 -

H O H I Z O N  

I I I I1 6 7  1 6 5  1 6 4  1 6 3  

F l G U R E  4 1 .  I s o p a c hm a po ft h  r e e  H o l o c e n e  s e d i m e n t a r yu n i t si nN o r t o nS o u n d .  O S 1 ,  t h e  

y o u n g e s tu n i t ,a v e r a g e s  5 m e t e r st . h i c ka n do n l yi t sd i s t r i b u t i o ni ss h o w nb yt h e  


s h a d e da r e a .  O S 1  o b s c u r e st h ed i s t r i b u t i o no ft h eu n d e r l y i n g  O S 2  a n d  O S 3  u n i t s .  


A d a p t e df r o mS t e f f y .T u r n e r ,L y b e c k ,a n d  R o e  ( 1 9 8 1 ) .  


1 6 6  



S e v e r a l  g l a c i o e u s t a t i c  s t i l l s t a n d s  were i n  phase w i t h  the 
osc i l la toryadvances  and r e t r e a t so ft h eg l a c i e r s .  A r i s i n g  sea 
levelasear lyas15,500yearsagobreachedtheBering Land Bridge 
a t  -125 f e e t  e l e v a t i o n  and connectedtheBeringandChukchiSeas 
v iatheBer ingSt ra i t(Hopkins ,1982) .Deglac ia t ionacce lera ted  
about14,000yearsago(Hopkins,1982).Approximately12,000 
yearsago ,sealeve lrose  t o  -98 fee t ,f loodingtheShpanbergSt ra i t  
and i s o l a t i n g  S t .  Lawrence IslandfrommainlandAlaska(Hopkins, 
1979). From 10,000 to9,500yearsago,  a r ap idt r ansg res s ionin  
easternNorton Sound buriedtundrapeatdeposits(Nelson,1980; 
Steffy,Turner,Lybeck, andRoe,1981). Two subsur facepea tlayers  
i n  Norton Sound were mapped using h igh- reso lu t ion  se i smic  re f lec t ion  
data.Figure 4 1  i s  anisopach map of threeQuaternarysedimentary 
u n i t s  (Qsl, Qs2,andQs3)which a r e  boundedby t h e  two pea t  l aye r s  
and theseafloor.Theseorganic-richhorizons may representthe  
remainsof two subae r i a l ly  exposedsurfacesthatdevelopedpeat-rich 
coversdur ings t i l l s tands10 ,000  and9,000yearsago, a t  e l e v a t i o n s  
of -82and -52 feet ,respect ively.Nearshore,  Qs2 overlaps Qs3, 
which ind ica t e sanosc i l l a t ingshore l ine .  Qs3 i s  a progradat ional  
wedge (upto35feetthick)ofHolocenemarine s i l t  containing 
interbeddedstorm-sandlayers .Subsequenttothest i l ls tand 
representedbytheyoungestpeatlayer,  up t o  18 f e e t  of a d d i t i o n a l  
marine s i l t  andsand ( Q s 2 )  weredeposited.This wedge r a p i d l yt h i n s  
seawardandpinchsout50milesnorthwestofthe Yukon RiverDelta 
( f ig .41) .  A l a y e r  ofHolocene s i l t  less than 6 f e e t  t h i c k  is present  
i n  t h e  n o r t h e r n  and e a s t e r n  p a r t s  ofNorton Sound. 

In theChir ikovBasin,these same transgressionsdeposi ted 
severaltensoffeetofcoarse-grainedsandaswellas  a l ag  g rave l  
derived frombedrock and olderglacialsediments(Nelson,1980).  In 
some areas, a veneerofcoarse- t o  mediunrgrainedsand was deposi ted 
overla tePle i s tocenef reshwater  s i l t  and tundradepos i t s .  

The Yukon River Delta reached i t s  presentposit ionabout2,500 
yearsago(McDougall,1980). Over thepas t  2,500 yea r s ,  a 5-foot-
th i ck  wedge offinesand(Qsl)hasprogradedseawardfromthedelta 
( f ig .41) .  The bathymetr ict roughinthenorthernhalf  ofNorton 
Sound ( f i g .  39) i s  e s s e n t i a l l y  a s i te  ofnon-deposition. 

R e l i c t  beach  r idges ,  outwashfans,stream va l l eys ,  and g l a c i a l
depos i t sa re  common i n  t h e  northernBeringSea area. theAlthough 
Yukon Riversuppl ies  90 percentofthesedimententeringtheBering 
Sea(an estimated 70 t o  90 mi l l ion  met r ic  tons  per  year  accord ing  to  
McManus and o thers ,1977) ,thepresenceofre l ic ttopographica l  
f e a t u r e s  and theabsence of t h i c k  d e p o s i t s  ofHolocenesedimentsuggest 
tha t  bo t tom cur ren ts  in  the  Nor ton  Sound and the  Ber ing  S t r a i t  a r e  
s t rong  enough topreventsignificantsedimentaccumulations.Since 
theopening of theShpanbergStrai t12,000years  ago, sedimentfrom 
t h e  Yukon RiverhasbeencarriednorthwardthroughtheBeringStrait  
intothesouthernChukchiSea(KnebelandCreager,1973). 
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Beforetheopening of t he  Shpanberg S t r a i t ,  t h e  northwardflow 
of theBering Sea was through t h e  Anadyr S t r a i t  seaway and i n t o  t h e  
southern ChukchiSea v i atheBer ing  S t r a i t .  The strongbottomcurrents 
assoc ia ted  wi th  th i s  f low not  on ly  prohib i ted  the  depos i t ion  ofHolocene 
sediments,but winnowed t h e  f i n e s  f rom the  ex is t ing  g lac ia l  depos i t s  
aswel l ,l eav inglaggrave ldepos i t sbehind .  A north-trending 
bathymetrictrough and the  l i nea r  sandbodiesfound in thewestern 
Chirikov Basin area off Point Clarence may r e f l ec t  t h i s  no r thward  
paleo-flow(fig.  39). 

SUMMARY 


The seaf loor  geomorphologyof thenorthernBering Sea i s  t he  
r e s u l t  of t h ree  P le i s tocene  g l ac i a t ions  and associated low s tands  
of s eal eve l .  The migration of t he  Yukon R ive r ,t hel a s t  major 
deglac ia t ion ,  and thelatestmarinetransgressionovertheBering 
Sea shelfOccurredalmostsynchronouslyabout 20,000 yearsago. 
LimitedHolocenesedimentation,partiallyduetoStrongbottom 
currents ,hasal lowedrel ic tglacialfeaturestoremainexposed in 
the Chirikov Basinandthe westernNorton Basin. A progradat ional  
wedge (up t o  58 f e e t  t h i c k )  of Holocene muds, silts, sands,  and 
organic-rich interbeds extends seaward from the  Yukon RiverDelta 
i n t ot h ec e n t r a l  and e a s t e r np a r t s  of t he  Norton Basin. Active 
sedimenttransport  mechanisms continuallyreworktheupperseveral 
f e e t  of sediment. 
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1 1  

Geohazards 

Seaf loo rins t ab i l i t y ,s to rmsurg ing ,  and f l o a t i n g  ice a r e  
p o t e n t i a l  h a z a r d s  t o  o i l  and gas  explora t ion  anddevelopment i n  
theNortonBasinplanningarea. A geologicalprocess  or 
environmentalcondition i s  considered a po ten t i a lhaza rdi f  it 

c o u l d  t h r e a t e n  t h e  s t r u c t u r a l  i n t e g r i t y  of a d r i l l  r i g ,  p i p e l i n e  

foundation, o r  t he  sa fe ty  o f  men and equipmentworking i n  t h e  a r e a .  

High-resolut ion seismic ref lect ion data ,  geotechnical  borehole  

information, and seafloorsampleanalyseswereusedinthe 

i d e n t i f i c a t i o n  of types and cha rac t e r i s t i c s  o f  po ten t i a l ly  haza rdous  

condi t ions .  The ConservationDivision'shigh-resolutionseismic 

r e f l e c t i o n  s u r v e y  of t he  Sa le  57 a r e a  i d e n t i f i e d  and loca ted  a reas  

and conditionsthatcouldbehazardoustopetroleumexploration 

and development.Outsideofthe Sale 57 a rea ,thel imi t ed  amount 

of  publ ic  da ta  prohib i t s  lease-b lock-spec i f ic  ident i f ica t ion  of 

geohazardlocations.  


SEAFLOORINSTABILITY 

H a z a r d s  r e l a t e d  t o  s e a f l o o r  i n s t a b i l i t y  t h a t  may affect  bot tom
foundedstructuresincludefaul t ing,gas-chargedsediments ,seismici ty ,  
s u b s t r a t el i q u e f a c t i o n ,  and erosion.Foundat ionsupportfai lure  
r e s u l t s  from a r e d u c t i o n  i n  s h e a r  s t r e n g t h  of the supporting 
s u b s t r a t e  or byremovalof thesurroundingsedimentbyerosion. 
Seismici ty  and near-surfacefaul t ingcancause a l o s s  of foundation 
suppor t  by  d i f fe ren t ia l  d i sp lacement ,  shaking ,  and subs t r a t e  
l iquefact ioninducedbyvibrat ion.Substratel iquefact ion may 
alsobeinducedby storm-wave cycl icloading(Clukey and o t h e r s ,  
1980). 

Seismici ty  

Se i smic i ty  s tud ie s  of wes t -cent ra l  Alaska  a re  essent ia l  for  the  
safe  p lanning  and des ign  of  s t ruc tures  involved  in  pe t ro leum 
explora t ion  anddevelopment i n  t h e  Norton Sound area.  A 5-year 
studybyBiswas and o thers  (1983)  u t i l i zed  a localseismographic 
network i n  t h e  Seward Peninsularegiontomonitorandrecordseismic 
ac t iv i ty .Th i sinves t iga t ionrevea led  a s i g n i f i c a n t l yh i g h e rl e v e l  
ofseismicity,bothonshore and offshore,than had beenpreviously 
recognizedforthearea.  
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Earthquakeslocatedbythelocalseismographicnetworkwere 
foundwidelydistributedacrossthe Seward Peninsula andNorton 
Sound region.In many instances,however ,theepicenters  were 
found t o  c l u s t e r  a l o n g  o r  p a r a l l e l  t o  mapped f a u l t s  o r  l i n e a r  
s t r u c t u r a lt r e n d s( f i g .4 2 ) .  On t he  Seward Peninsula ,concentrat ions 
of  ep icenters  werenotedalongtheKuzitrinand Darby Mountain f a u l t  
systems,the PennyRiver-Engstrom-AnvilCreek f a u l t  s e t ,  and along 
the  Kig lua ik  f au l t ,  whichmarks the abrupt northern boundary of t he  
KigluaikMountains. The Bendeleben fau l t ,recognized  by Hudson and 
Plafker(1978)ashavingmajorHolocenedisplacementsalong i t s  
su r facet r ace ,appea r stobere l a t ive lyinac t ivea tp resen t .A l though  
t h e  d i s t r i b u t i o n  ofearthquakeepicentersinNorton Sound e x h i b i t s  a 
wide s c a t t e r ,  t h e r e  is a weak concentrationalongthebasementfault  
sys t em( f ig .42 ) .L i t t l ese i smicac t iv i ty  was detectedalongthe 
western sect ion of the  Kal tag  fau l t  o r  a long  i t s  pro jec ted  t race  in 
Norton Sound. Themaximum magnitudeofanyearthquakerecordedby 
the localseismographic  network i n  Norton Sound measured 4.2 on the  
RichterScale .  This particularearthquakeoccurrednorthof S t .  
Lawrence I s land  in thewestern par t  of theplanningarea.  

Attempts  havebeen made t o  deduce  the  reg iona l  s t ress  pa t te rn  
oftheNorton Sound andSeward Peninsula  areas  from foca l  mechanisms 
ofearthquakeslocated in thoseareas(Biswas and o t h e r s ,  1980; 
Biswas and others ,1983) .  S tudies  of f au l tp l aneso lu t ionsfo r  
selectedearthquakes and c l u s t e r s  ofsmallearthquakes show normal 
f a u l t i n g  a s  t he  p r inc ipa l  mode of s t ra in-energy  re lease  in t h i s  
region.  The dominance of normal fau l t s ,  as  ev idenced  by seismic 
r e f l e c t i o n  d a t a  fromNorton Sound a s  we l l  a s  by reg iona l  mapping 
on the  Seward Peninsula (Hudson,1977) .a lsoindicatesthattension 
is t h ep r i m a r ys t r e s so p e r a t i v ei nt h i sa r e a .  A study of s t r e s s  
t ra jector ies  for  the Alaska-Aleut ian region based on t h e  d i s t r i b u t i o n  
ofpost-Miocenevolcanos,dike swarm p a t t e r n s ,  and Quaternaryfaul ts  
(Nakamuraand others ,1980)reveals  a wes te r ly  o r i en ta t ion  fo r  t he  
Norton Sound a r e a ;  t h e  s t r e s s  o r i e n t a t i o n  c a l c u l a t e d  from f a u l t  
planesolut ions is northwester ly .  

From t h e  r e s u l t s  o f  r e g i o n a l  s t r e s s  p a t t e r n  s t u d i e s ,  Btswas 
and others(1983)postulatedthatthearea in andaroundNorton 
Sound and the Seward Peninsula  represents  the act ive back-arc  
regionof t h e  Aleutiansubductioncomplex.Earthquakeslocated in 
t h i s  back-arc region are then considered to be a d i r e c t  r e s u l t  of 
southwardspreading of the  r ig id  back-arc  l i thosphere  p la te .  

Faul t  s 

High-resolut ion seismic ref lect ion surveys have located surface 
andnear-surfacefaul ts  in thenorthernBering Sea area(Johnson 
andHolmes,1981; S t e f f y  andHoose,1981). The majori tyofthese 
s h a l l o w  f a u l t s  p a r a l l e l ,  and may be  cont ro l led  by ,  the  s t ruc ture  of  
the underlying rock. Faul t s  i n  thewestern pa r t  of Norton Sound 
and intheChir ikov Basin trend northwest;  i n  t h e  e a s t e r n  Norton 
Sound, f a u l t st r e n d  near lyeast-west(f ig .  43). 
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S u r f a c e  f a u l t  d e n s i t y  i s  h ighes t  andmostcomplex i n  t h e  a r e a  
westofPortClarence(Johnsonand Holmes, 1981).Severalyounger, 
wes t - t r end ingfau l t sin t e r sec t  and offsetthedominantnorthwest
t rendingfaul t s .West - t rendingfaul t s  bound theBer ingSt ra i t  
depress ion  (BSD) and i t s  eastwardextension,thePortClarence 
r i f t .  These f a u l t s  havemeasured sea f loo rsca rps  of 15 and 27 
fee t .Otherwes t - t rendingfaul t shavescarps  of up t o  57 f e e t .  
Sea f loo rfau l ts ca rps  may i n d i c a t e  e i t h e r  r e c e n t  movement or  a l a c k  
of  e ros ion  by bottom currents.  

A ba thymetr ict roughpara l le l ingthenor therncoas t  of S t .  
Lawrence I s land  i s  theseaf loorexpress ionof  a s i g n i f i c a n t  f a u l t  
zone.Johnson and Holmes ( 1 9 8 1 )s t a t et h a t  movement a l o n gt h i sf a u l t  
zone is  r e l a t edtothet r anscu r ren t ,r i gh t - l a t e ra lKa l t agfau l t ,  
which is  known to  d i sp lace  P le i s tocene  sed imen t s  i n  westernAlaska. 
An i r regular  sea  bot tom apparent ly  obscures  scarps  assoc ia ted  
with this f a u l t  zone. 

Numerous su r face  and nea r - su r face  f au l t s  were mapped i n  t h e  
Sale  57 a rea  by S tef fyand Hoose (1981).Shallowgrowthfaults 
cont inued  to  move through the  P le i s tocene ,  bu t  apparent ly  do not  
d i s p l a c e  Holocenesediments. Only a few f a u l t sc o u l db e  mapped i n  
thesouthernhal f  of t he  Sa le  57 areabecausewidespreadshallow, 
gas-chargedsediments mask the  unde r ly ing  s t ruc tu re  on seismic 
r e f l e c t i o nd a t a .  It canbeassumed,however, t h a t  sha l lowfau l t ing  
i s  p re sen t .  

Sha l low fau l t i ng  r ep resen t s  a po ten t ia l  hazard  in  the  Nor ton  
Sound planningarea.  The s e i s m i c i t y  of t h ea r e ai n d i c a t e sa c t i v e  
f a u l t  movement, which  could  resu l t  in  seaf loor  d isp lacements  tha t  
couldendangerbottom-foundedstructures. 

SedimentTransportProcesses 

The seaf loortopographyofthenorthernBering Sea i s  t h e  
r e s u l t  of t h ei n t e r a c t i o n  ofwind,water,ice,andvarious 
sedimentologicalprocesses.Unconsolidatedsurfacesedimentsare 
con t inua l ly  reworkedby ice  gouging,bot tom currents ,  s tormsurging,  
and there l easeo fb iogen icgas .Ac t ivee ros ion  and r e d i s t r i b u t i o n  
ofsedimentcouldreducethesupport  of bottom-founded s t r u c t u r e s .  
Such processesareexpressedinthenorthernBering Sea a s  sand 
waves ,longi tudina lcur ren tl inea t ions ,megar ipples ,cur ren tscour ,  
i cegouges ,  and gasc ra t e r s .F igu re  44 shows t h el o c a t i o n  of t hese  
bedformfeatures intheNor ton  Sound a rea ,excep tfo r  t h e  sand waves, 
which a r e  found west ofthePortClarencearea.  

Activesand waves a r e  found on t h e  c r e s t s  and f l anks  of l a r g e ,  
l i n e a r  sandridgeslyingwest  of PortClarence.Theseasymmetric 
bedformsareor ien tedt ransverse  t o  t h e  dominantnorthwardcurrent 
d i r e c t i o n s  andhaveamplitudes of 3 t o  6 f e e t  and wavelengthsof 30 
t o  650 feet(CacchioneandDrake, 1979). 
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Megaripples are p r e s e n t  i n  t h e  n o r t h e r n  p a r t  ofNorton Sound 
in a ba thymetr ic  t rough charac te r ized  by  water dep ths  g rea t e r  t han  
68 feet  ( f ig .44 ) .  The s t r ikeo fthemegar ipp le  crests is n o r t h e r l y ,  
which is  normal t o  t h e  p r e v a i l i n g  c u r r e n t  d i r e c t i o n  ( N e l s o n ,  Dupr6, 
F i e l d ,  and Howard, 1980).Megaripplesgenerallyhaveamplitudesof 
less than 2 f e e t  andwavelengthsbetween65and 165 f e e t .  Bottom 
samplescol lectedbythe USGS i n d i c a t e  t h a t  t h e  l o c a l  s u r f a c e  s e d i m e n t  
cons i s t so f  a s i l t y ,f inesand(Lar sen ,Ne l son ,  andThor,1981). 

Longi tudinal  c u r r e n t  l i n e a t i o n s  are present  as a series of 
furrows alongthe southern f lank  of  a bathymetr ic  trough in t h e  
northernpartofNorton Sound ( f ig .44 ) .  The s t r i k eo ft h el i n e a t i o n  
c r e s t sp a r a l l e l st h ep r e v a i l i n gw e s t e r l yc u r r e n td i r e c t i o n .  These 
l inea t ions  have  ampl i tudes  of less than 2 f e e t  andwavelengthsof 
32 t o  98 f e e t .  The loca lsed imen tcons i s t so fs i l t y ,f inesand  
(Larsen,Nelson,andThor,1981). 

Currentscourcauses  many ofthebroad,f la t -bot tomed,elongated 
depres s ionstha t  are presentthroughoutNorton Sound ( f ig .44 ) .  The 
twa most ex tens ive  areas of s cour  a re  loca t ed  ju s t  west ofthe Yukon 
RiverDelta and in t h e  f l a t  p r o d e l t a  a r e a  50 miles nor th  o f  t he  de l t a .  
The a rea  no r th  o f  t he  de l t a  i s  cha rac t e r i zed  by e longated  depress ions  
330 t o  500 f ee t  l ong ,  115  to  260 f e e t  wide, t h a t  are less than  3 f e e t  
deep. These depress ionst rend  N. 100" W. and a r el o c a t e d  on t h e  
southernf lankof  a ba thymet r i ct roughin  62 f e e t  of water. The 
t rend  is p a r a l l e l  t o  t h e  p r e v a i l i n g  w e s t e r l y  c u r r e n t  d i r e c t i o n .  
The loca lsur facesediment  i s  a s i l t y ,  f i n e  s a n d .  The a rea  west of 
t h e  d e l t a  i s  charac te r ized  by  e longated  depress ions  460 t o  520 f e e t  
long,  260 t o  320 f e e t  wide,and less than  6 feetdeep.These 
depress ionst rend  N. 15O W. andoccur i n  18 f e e t  of water on the  
f la t ,sha l lowsub- icepla t form.  This t rend  i s  o b l i q u et ot h e  
p reva i l i ng  no r theas t e r ly  cu r ren t  d i r ec t ion  bu t  i s  a l igned  wi th  the  
dominantbottom-currentflow. The localbottomsediment i s  a s i l t y ,  
f i n e  sand(Larsen,Nelson,andThor,1981). 

Gas-Charged Sediments 

The d i s t r ibu t ion  o f  acous t i c  anomal i e s  in Norton Sound suggests  
t h a t  gas-chargedsediments are probablyubiqui tous in theplanning area. 
Shallowoccurrences ofgas-chargedsedimentscancauseincreases in 
porepressurewhichcauses a decrease  in t he  shea r  s t r eng th  o f  t he  
sediment .Suchcondi t ionscouldleadtounstablefoundat ioncondi t ions.  
Gas-charged sediments can often be identified on analog high-resolut ion 
s e i s m i c  r e f l e c t i o n  d a t a  as anomalous acous t i c  even t s  cha rac t e r i zed  by 
p o l a r i t y  r e v e r s a l ,  a m p l i t u d e  i n c r e a s e ,  r e f l e c t i o n  "wipe ou t , "  and 
r e f l e c t i o n" p u l l  down." Gas-chargedsedimentsaredis t r ibuted 
throughoutNorton Sound b u t  are absent  in theChir ikov Basin area. 
S t e f f y  and Hoose (1981) mapped extensiveareasofgas-chargedsediments 
in Norton Sound by using high-resolut ion s e i s m i c  r e f l e c t i o n  d a t a .  
Nelsonand o t h e r s  ( 1 9 7 9 )  s t a t e  t h a t  most of theshal lowgas in Norton 
Sound i s  probably  b iogenica l ly  genera ted  from buried Quaternary peat 
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l aye r s ,t hent r appedinove r ly ingcohes ive  s i l ts  and s i l t y ,  f i n e  
sands.  These t h i np e a t yl a y e r s  commonly havemeasuredorganic 
carboncontentsof  2 t o  8 percent  and containabundantbiogenic  
methane. 

The degassing of sediments may be  e i ther  cont inuous  or  ep isodic .  
Storm-induced cyc l i cload ing  of unconsolidatedsurfacesedimentscan 
causerapidchangesinporepressuretha treduceshears t rength  and 
permi tgastoescape(Fisher  and others,1979).Degassing i s  o f t e n  
evidencedbyseaf loorcrater ing,which is  p r e v a l e n t  i n  t h e  c e n t r a l  and 
eas te rnpar t sofNor ton  Sound (Holmes,1979).These c r a t e r sa r e  
typical lyassociatedwithnear-surfaceacoust icanomalies ,shal low 
deposi tsoforganic-r ich mud, andgas-chargedsediments.Biogenic 
gas-generatedcratersrangefrom 3 t o  30 f e e t  in diameter and a r e  
usua l lyl e s sthan1 .5fee tdeep .  The absenceofgas-charged 
sediments and cra te r inginthenon-cohes ive ,coarse-gra inedseaf loor  
mater ia loftheChir ikovBasin i s  a t t r i b u t a b l e  t o  t h e  g r a d u a l  
diffusionofbiogenicgasthroughthesepermeablesediments(Larsen,  
Nelson,andThor,1981). 

A well-documentednear-surfacegasaccumulationthat i s  seeping 
i n t o  t h e  w a t e r  column i s  locatedapproximately 25 milessouthof  Nome 

(Holmesand o t h e r s ,  1978;Nelsonandothers,1978).Thisgas 

accumulation,whichcoversanarea of about19squaremiles ,  i s  

i d e n t i f i e d  by a sha l low acous t i c  anomaly on high-resolut ion seismic 

da ta .  The g a sc o n s i s t sp r i m a r i l y  of C02 with a minorcomponent 

of hydrocarbongasesandgasoline-rangehydrocarbons;the C02 i s  

p r e s e n t  i n  t h e  f r e e  s t a t e  i n  s e d i m e n t  i n t e r s t i c e s  (Kvenvoldenand 

Claypool ,1980) .Spec i f iccharac te r i s t icsofthegasol ine- range  

hydrocarbonssuggest  thatthemixture  may beanimmaturecondensate 

oflowertemperatureoriginthannormalcrudeoi l .  It is poss ib l e  

t h a t  t h e s e  g a s e s  a r e  m i g r a t i n g  up f a u l t s  t h a t  o f f s e t  T e r t i a r y  s t r a t a .  

I f  so, t h i ssugges t sthep resence  ofthermogenicgasaccumulations 

i n  t h e  NortonBasin.Becauseofthevolati lenature of suchgases ,  

s p e c i f i c  s a f e t y  p r e p a r a t i o n s  a r e  n e c e s s a r y  when d r i l l i n g  i n  t h e  N o r t o n  

Basin. 


Subs t ra te  Liquefac t ion  

S u b s t r a t e  l i q u e f a c t i o n  i s  t h e  f l u i d i z a t i o n  o f  g r a n u l a r ,  
non-cohes ivesed imen t s .Th i sf lu id i za t ionresu l t sin  a r educ t ion  
ofsedimentshearstrengthand i ts  a b i l i t y  t o  supportbottom-founded 
s t ruc tures .Cycl icloadingcaused  by vibrat ingmachinery,ear thquake 
shaking, and storm waves caninducesubs t r a t el ique fac t ion .  The 
build-up of porepressurebycycl icloadingincohes ionless ,f ine
grainedmater ia ltemporar i lyorpermanent lyreducesshearst rength 
(Sowers,1979).Thishappens i ft h ep e r m e a b i l i t yo ft h em a t e r i a l  i s  
in su f f i c i en ttod i s s ipa t einc reas ingporep res su res .Inc reasedpore  

p r e s s u r ee n a b l e st h es u b s t r a t et ow i t h s t a n dl a r g es t r a i n s  up t o  t h e  

time t h a tf a i l u r ee n s u e s .  Whether o rn o ts u b s t r a t el i q u e f a c t i o n  w i l l  

occurdependsupon a number of i n t e r r e l a t e d  f a c t o r s  s u c h  a s  t h e  a b i l i t y  

of t h ef i n e - g r a i n e dm a t e r i a lt od i s s i p a t ep o r ep r e s s u r e ,t h ei n i t i a l  

dens i tyof  t h e  m a t e r i a l ,  and t h e  amount o f  app l i ed  s t r e s s .  
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The upper 6 f e e t  of silt  andfine-grainedsandcoverinthe 
p rode l t a  a rea  no r th  and west of t h e  Yukon River i s  cons ide red  to  
have  the  grea tes t  po ten t ia l  for  subs t ra te  l iquefac t ion  (Clukey  and  

others ,1980) .  In t h e  l a t e  f a l l ,  t h i s  a r e a  is s u b j e c t e dt ol a r g e  

stormswithlarge-amplitude,low-frequencywavesthattravelinto 

Norton Sound fromthesouthernBeringSea. The shal lowwaterdepths  

(commonly l e s s  t h a n  60 f e e t )  r e n d e r  t h i s  r e g i o n  p a r t i c u l a r l y  

s u s c e p t i b l e  t o  wave-induced s t r e s s e s .  


n O A T I N G  ICE 

Ice  gouges are  furrows in  the seaf loor  caused by s ingle- or 
mul t i -kee ledicef loesd r iven  by windand watercurrents .Single
keeled ice  gouges in  the Norton Sound area range from 15 t o  1 6 5  f e e t  
wide and appeartobeinf i l ledtovary ingdegreesbysediment .Ice  
gougeswere mapped andgrouped i n t o  3 a reas  on t h e  b a s i s  ofgouge
d e n s i t y  andgouge-trend(Steffy andLybeck,1981) ( f i g .  4 4 ) .  The 
maximum i c e  gouge dens i ty  occurs  inthesha l low-waterareas  of 
NortonSound, espec ia l lyaroundthe  Yukon RiverDelta.  The gouges 
occurinwaterdepths  of 2 1  t o  79 f e e t  and a r e  most common i n  depths  
of 32 t o  56 f e e t .  Most of thegougesarefound in a rea  3,  t hede l t a 
f r o n tn o r t h  of t h e  Yukon RiverDelta(f ig .  4 4 ) .  Thor andNelson(1981) 
a t t r i b u t e  t h i s  c o n c e n t r a t i o n  t o  t h e  westward-moving i c e  packofNorton 
Sound shea r ing  aga ins t  t he  sho re fa s t  i ce  o f f shore  fromthedel ta .  
This shear ingcausesthenormally t h i n  ( l e s s  t h a n  6 f e e t )  a n n u a l  i c e  
t o  formcompositeiceridgesthickenoughtogougetheseafloor.  
Thesepressureridgesproducemulti-keeledicegouges.Smaller 
amountsof icegougingoccurinareas  1 and 2 ( f i g .  4 4 ) .  Icegouging 
in a r e a  1 may be caused by the Bering Sea pack ice shearing against  
s h o r e f a s ti c et h a te x t e n d s  westwardfrom t h ed e l t a  (Dupre,1978). . 
I c e  gouging i n  a r e a  2 r e s u l t s  f romaninteract ion of s h o r e f a s t  i c e  
w i t h  bothNorton Sound and BeringSeapackice(ThorandNelson, 
1981). I n  a l lt h r e ea r e a s ,t h em a j o rt r e n d sp a r a l l e lt h eb a t h y m e t r i c  
contours .  

STORM SURGING 

Shore l ine  a reas  of thenorthern Bering Sea a r e  v u l n e r a b l e  t o  
s tormsurging,  a p rocess  tha t  causes  d ra s t i c  changes  in sea f loo r  
sedimentation(Larsenandothers,1980).Bottom-foundedstructures 
used in theNortonBasin will requ i re  ca re fu l  des ign  to  l i m i t  the  

p o t e n t i a le f f e c t s  ofstormsurges.Stormsurgesaremostlikely 

to  occur  in Norton Sound d u r i n g  t h e  l a t e  summer or e a r l y  f a l l .  

Strongwindsfromthesouthwestdrivewaterintotheshallow 

embaymentsof the  soundand sea  l eve l  rises a s  h i g h  a s  1 0  f e e t  

abovethe mean waterleve l  may occur .Stormsandlayersupto 8 

inches thick have been deposited in the  Yukon River  Del ta  area 

(Larson and o thers ,1980) .  
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A well-documentedstorm i n  Norton Sound occurred from 
November 10 t o  1 7 ,  1974.  The storm, a once-in-30-yearsevent, 
generated a su rgetha t  was 20 f e e t  abovethenormal t i d a l  r a n g e  
of 4 f e e t .  Maximum sustainedwindsof38knots w i t h  g u s t s  of 70 
knotswererecorded(Sharma,1979). 

SUMMARY 


A b road  spec t rum o f  po ten t i a l  geohaza rds  tha t  cou ld  r e su l t  i n  
s e a f l o o ri n s t a b i l i t y ,s u c h  as s u b s t r a t el i q u e f a c t i o n ,s u r f a c e  o r  
near -sur facefaul t ing ,thepresence  of gas-chargedsediments,and 
v a r i o u s  e f f e c t s  of s e i s m i c i t y ,  impose eng inee r ingcons t r a in t s  on 
o i l  and gasexplora t ion  anddevelopment i n  thenorthernBeringSea 
a rea .Add i t iona lcons t r a in t sa red ic t a t ed  by thepresenceof 
f l o a t i n g  i c e  and thel ikel ihoodofstormsurging.  
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12 

Environmental Conditions 

METEOROLOGY AND OCEANOGRAPHY 

Most ofthemeteorologic andoceanographicinformation on t h e  
northernBering Sea a rea  summarized he re  i s  conta inedintheCl imat ic  
Atlas oftheOuterContinentalShelf  Waters and CoastalRegionsof 
Alaska(Browerandothers,1977)and The AlaskaMarine Ice Atlas 
(Label le  and o thers ,1983) .  Data compiledbytheNationalWeather 
Serv ice  and o ther  Federa l  agencies  and data compiledbythe Arctic 
EnvironmentalInformationand Data CenteroftheStateofAlaska were 
alsoused.  

The Norton Sound reg ion  i s  c l i m a t i c a l l y  c h a r a c t e r i z e d  by a 
subarctic,semi-aridweatherregime.Cyclonicatmospheric 
c i r c u l a t i o np a t t e r n sd o m i n a t ei nt h er e g i o n .  Annualweatherpatterns 
are control ledbytheHonolulu,  Arctic, and Siber ianhighs ,  and 
theAleut ianlows.  The Norton Sound reg ion  is  af fec tedbyboth  a 
moderatingmarine climate t o  t h e  west and anextremeonshore climate 
t ot h ee a s t .  Cloudy s k i e s  andstrongsurfacewindscharacter ize  . 
thesound'smarineweather.Stormsare more f r e q u e n t  i n  t h e  f a l l  
andwinter(Sharma,1979).Temperaturesvaryfrom a January mean 
of 5 "F t o  a J u l y  mean of 55 OF. Recorded temperatureshave 
dropped as low a s  -55 "F. 

Maximum recordedwinds in  the  reg ion  have  reached  75  miles per 
hour .Inwinter ,  maximum windsaccompany thes tormstha tapproach  
Norton Sound from thesouthwest,althoughthepredominantwinter wind 
d i r e c t i o n  i s  from the  no r theas t  and averages 1 2  t o  17 miles perhour. 
Summer windsblowfrom a s o u t h e r l y  d i r e c t i o n  and average 8 t o  12 
miles perhour.  

There a r e  two dominantmarinesurfacecurrentpat terns  in t h e  
Norton Sound area :  a nor thwardf lowtha tpasseseas t  of S t .  Lawrence 
I s l and  and a counterclockwise system in NortonSound. 

T ida l  va r i a t ions  in  Nor ton  Sound a r e  r e l a t i v e l y  small, b u t  
exer t  an  impor tan t  in f luence  on the  su r face  cu r ren t  c i r c u l a t i o n  
pa t te rn .Tides  move northwardthroughthenorthernBeringSeaand 
proceedthroughthesoundin a counterclockwisedirect ion.Within 
the  sound ,  t i da l  he igh t s  r ange  f rom 1 .6  to  6.8 f e e t .  
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Wave he igh t s  g rea t e r  t han  8 f e e t  a r e  common l e s s  t han  10  pe rcen t  
of t het imein  AugustandSeptemberand less than 20 percent  of t h e  
t imeinOctober .  

SEA I C E  

The freeze-upperiodinNorton Sound extends from November 
throughear ly  December. A t  Nome, t h e  mean datesofseaicebreak-up 
and freeze-overare  May 29 and November 1 2 ,  r e s p e c t i v e l y .I c e  
spreadssouth from the  ChukchiSea to  the  wes te rn  po r t ion  ofNorton 
Sound andaround S t .  Lawrence I s land .Icea lsoformsinNor ton  
Bay and spreadssouthwestward.Packicegeneral lybeginstoform 
i n  Norton Sound i n  mid- t ol a t eO c t o b e r .  Some a r e a s  i n  andaround 
t h e  sound arecompletelyicecoveredby mid-November. After mid-
December,pack icegeneral lycompletelycoversthesound.  By 
mid-March t h e  i c e  pack a t  t h e  head of t h e  sound b e g i n s  t o  t h i n ,  
bu tdoesnot  show apprec iab leme l t ingun t i l  mid-May. By mid-June 
t h e  sound i s  completelyice-free.  

Sea icecondi t ionsvarythroughoutNorton Sound. Ice movement 
i s  cont ro l led  by  a combinationofgeography and the  p reva i l i ng  
northeastwinterwinds.  The prevai l ingwindscause a gene ra l ly  
east-northeasttowest-southwestevacuat ionoficethroughoutthe 
win ter .Exceptfortheshorefas tice ,seaiceinth isarea  is 
en t i r e ly  r ep laced  by  th i s  p rocess  seve ra l  times dur ing  a season. 
F i r s t - y e a r  i c e  u s u a l l y  moves outbythe time i t  i s  about18inches 
thick.Areas  of convergenceanddivergenceexistwithinthezone 
off loat ingpack i c e .  In convergentzones,overr idingicecan form 
r i d g e s  up t o  110 f e e tt h i c k .  Thesesubmerged r idgeso f t encause  
seafloorgouging. Divergent  zones are  character ized by abundant  
smal lopeningsin  t h e  pack i c e .  
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